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LINKAGE RELATIONSHIP OF TWO GAMETOPHYTIC 
CHARACTERS IN OENOTHERA ORGANENSIS 


STERLING EMERSON 
California Institute of Technology 


Received March 8, 1941 


N THE gametophyte generation all genes are normally present in the 

haploid state, and since the gene effects are not complicated by domi- 
nance, it is often possible to apply methods which cannot be used in the 
sporophyte, or diploid, generation. In this connection, the method used in 
identifying crossovers between two genes effecting pollen tube growth in 
Oenothera organensis may be of interest. 

The growth responses of compatible and incompatible pollen tubes in 
this species have previously been described (EMERSON 1938, 1939, 1940). 
The points of importance in the present connection may be briefly re- 
capitulated as follows: Since pollen carrying any one of the 45 known 
alleles! of the self-sterility gene fails to produce normally growing tubes in 
stigmas or styles of plants carrying the same allele, it is impossible for 
plants to receive the same allele from both parents. Each plant is thus 
heterozygous for two alleles, each of which is present in half of the pollen. 
By pollinating a stigma heterozygous for one of the alleles carried by the 
pollen, the two sorts of pollen may be readily distinguished. The pollen 
carrying the allele also present in the stigma is incompatible, producing 
extremely short pollen tubes (fig. 1B), the pollen carrying the allele not 
present in the stigma is compatible, producing pollen tubes which continue 
to grow until they reach the embryo sacs in the ovules (fig. 1A). 

The second gametophytic character in this species is a pollen lethal. 
Pollen carrying this gene, p/, fails to produce normally developing tubes 
in any stigma, regardless of the genetic constitution of the stigma. The 
lethal pollen tubes are extremely short, much branched and appear to 
have a much less definite membrane than either compatible or incom- 
patible tubes and so are easily recognized in prepared stigmas (fig. 1C). 


OCCURRENCE OF THE POLLEN LETHAL IN THE WILD POPULATION 


When allele 20 of the self-sterility series was first found, it behaved 
normally in that pollen carrying it produced normally developing tubes in 
all styles not carrying allele 20. This normal 20 is fairly widely distributed 
in the Dripping Springs population (EMERSON 1939) where it has been 
found associated with alleles 5, 19, 21, and 22. It has also been recovered 
from open-pollinated seed on a wild plant of the constitution 11/19, in- 
dicating that it had been transmitted through the pollen. 


1 The term “allele” is used in this paper at the request of the editor. 
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In other plants of the same region, allele 20 is associated with the pollen 
lethal, 20-pl. These plants reacted in the usual fashion when used as the 
female parent: pollen carrying alleles other than 20 and the particular 
second allele present produced normal tubes, whereas pollen carrying either 
20 or the particular second allele produced short, incompatible tubes. When 
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FIGURE 1.—Camera lucida drawings of germinated pollen from prepared styles collected four 
hours after pollination. A, compatible pollen; B, incompatible pollen; C, lethal pollen. 


the same plants were used as the pollen parent, on the other hand, only 
half of the pollen produced normally growing tubes regardless of the con- 
stitution of the female parent, except that on styles having the particular 
second allele of the pollen parent no normal tubes were produced. These 
dissimilarities in the results of reciprocal crosses are illustrated by one 
example in table 1. 

TABLE I 


Pollen-tube growth in reciprocal crosses involving the pollen lethal. The + sign indicates that all 
tubes grew normally (that is, typical compatible tube growth), the — sign indicates that none grew 
normally, the fraction } indicates that only half of the tubes were normal in development. 








PARENT 3/20-pl 
OTHER PARENT 








USED AS FEMALE USED AS MALE 
f 1 
3/29 2 = 
29/32 + 2 
20/21 } } 
21/32 + } 





In the plants collected at Dripping Springs, the pollen lethal was found 
to be associated solely with allele 20. It was found in four plants occupying 
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a fairly restricted area (3/20-pl, 4/20-pl, 20-pl/29, and 20-pl/ 31), indicat- 
ing that the lethal was present for at least one generation before the collec- 
tions were made. Many other plants of different constitutions from the 


same canyon were tested as pollen parents and found to be free of the 
lethal, even though allele 20 was present in some of them. 


CROSSING OVER BETWEEN 20 AND pl 


Open pollinated seed collected from three of the wild plants carrying the 
pollen lethal gave cultures in which the lethal remained associated with 
allele 20, as indicated in table 2. In an attempt to determine if the pollen 


TABLE 2 
Progeny tests from open-pollinated seeds of plants carrying the pollen lethal. 











FEMALE PARENT RECOVERED ALLELE WITH LETHAL WITHOUT LETHAL 
3/20-pl 3 ° 4 
20 I ° 
20-pl/29 20 II ° 
29 ° 18 
20-pl/ 31 {20 5 
\3I 





lethal ever separates from allele 20, crosses of the type 3/4 X 3/20-pl were 
made and the styles examined for normally growing tubes. In such crosses, 
pollen carrying allele 3 fails to produce normal tubes because it is incom- 
patible with the tissues of the stigma, but pollen carrying allele 20 is com- 
patible and should produce normal tubes whenever it becomes dissociated 
from the pollen lethal. Data from experiments of this type together with 
those from compatible and incompatible controls are summarized in 
figure 2. 

Not all compatible tubes grow at the same rate, and some incompatible 
tubes may make an appreciable growth. Consequently in the cross 3/4 
X 3/20-pl it is not always possible to distinguish between compatible tubes 
(20 without p/) and occasional long, incompatible tubes (3). The incom- 
patible controls in figure 2 give an indication of the frequencies of long, 
incompatible tubes to be expected. If these frequencies are subtracted from 
the frequencies of tubes of corresponding lengths in the cross 3/4 X 3/20-fl, 
the remainder represents the frequency of compatible tubes (20) of the 
same lengths. Since some compatible tubes are known to be relatively 
short, this value should be increased by a factor derived from the com- 
patible controls in order to obtain the frequency of compatible tubes among 
all those carrying allele 20. Such calculations based on tubes of various 
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FIGURE 2.—Frequencies of all pollen tubes of a given length or longer in various crosses, four 
and one-half hours after pollination. Curve A, 3/4X 12/13, all tubes compatible, N= 140; curve B, 
3/35 X 12/13, all tubes compatible, N=165; curve C, 3/4X3/20-pl, N=8250 (that is, for the 
number of tubes carrying allele 20 there are also an equal number of tubes carrying allele 3); 
curve D, 3/35X 3/20-pl, N=7650 (as in C); curve E, 3/4Xself, all tubes incompatible, N = 5900; 
curve F, 3/35Xself, all tubes incompatible, N=8700. The total number of germinated pollen 
grains was estimated and is subject to an error of something like ten percent. 
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FiGuRE 3.—Frequencies, in percent, of recombinations between allele 20 and the pollen lethal 
based on the frequencies of pollen tubes of different minimum lengths (see fig. 2 and text). Curve 
A, from pollinations made on 3/4 stigmas; Curve B, from pollinations on 3/35 stigmas. The verti- 
cal lines represent plus or minus the standard errors. 
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minimum lengths are summarized graphically in figure 3. Calculations 
based on tubes of relatively short minimum lengths (the left-most sections 
of the curves in fig. 3) are necessarily inaccurate because of the irregular 
reactions of incompatible pollen tubes. Otherwise the data are in fair agree- 
ment with a recombination value of between 0.3 and o.5 percent between 
allele 20 and the pollen lethal. 

The long pollen tubes in the crosses 3/4X3/20-pl and 3/35 X3/20-pl 
were assumed to carry allele 20 without the pollen lethal because from the 
many thousand tested incompatible tubes (unpublished data) no muta- 
tions at the self-sterility locus have occurred. This point was checked by 
pollinating stigmas of 3/35 with 800 to 1000 pollen grains from 3/20-pl 
flowers, obserying the seed set and testing the resulting plants for the self- 
sterility alleles carried. The results of these tests are summarized in table 3 
and are in agreement with the interpretation and with the frequency of 
recombination between 20 and p/ expected from the pollen-tube behavior 
reported above. 

TABLE 3 


Tests of seeds arising from recombinations between allele 20 and the pollen lethal. 














CONSTITUTION 
iia NUMBER OF NUMBEROF NUMBER OF RECOMBINATION OF PROGENY 
FLOWERS POLLEN GRAINS SEEDS FREQUENCY 
3/20 20/35 
3/35 X3/20-pl 18 14, 400-18 ,000 25 approx. 0.3 I 7 
3/35 Xself 18 14, 400-18 ,000 ° 








It is assumed that the appearance of allele 20 without the pollen lethal 
in the instances just reported is the result of crossing over between the 
two genes, but the loss of the lethal might just as well be due to mutation 
of the lethal itself. The first alternative could be proved only by obtaining 
the lethal with the second allele of the self-sterility gene involved (3 in 
these instances) which would require the raising and testing of at least a 
thousand plants from crosses such as 3/20-pl X 3/4, and this has not been 
feasible. 
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GENETIC ASPECTS OF PIGMENT PRODUCTION IN 
THE GUINEA PIG! 


MARY T. HARMAN anp ANNETTE ALSOP CASE? 
Kansas State College, Manhattan, Kansas 


Received March 14, 1941 
INTRODUCTION AND REVIEW OF LITERATURE 


HE purpose of the present study was to correlate the processes of pig- 
‘Ta formation as observed in fetal and adult guinea pigs with the 
theory of color inheritance as presented by Bocart and IBSEN (1937). The 
effects of some of the color-detemining factors of the guinea pig and the 
time and manner of their action have been described. 

The foundations of the present knowledge of color inheritance in the 
guinea pig were laid by CASTLE and WRIGHT (1916), WRIGHT (1917, 1925, 
1927), and others. WRIGHT (1917) advanced an enzyme theory of pigment 
production. In 1927 he presented this theory again in modified form and 
reviewed the literature on pigment production. 

Maximow and Boom (1934) summarized from a histological point of 
view the status of knowledge of pigment and its production in the skin 
and hair of man. GORTNER (1911) studied the chemical nature of the 
melanins. Epwarps and DuNTLEY (1939) found a diffuse pigment in close 
association with granular pigment in the living human skin. GREMMEL 
(1939) reported that the coat color of horses was due to different arrange- 
ments and concentrations of one kind of granular pigment. He observed 
no diffuse pigment in horse hairs. 

ESSKUCHEN (1927, 1930) described the development of pigment in cattle 
fetuses. He found two types of pigment cells in the skin; observed that dark 
color appeared earlier than red and that the skin of the extremities showed 
pigmentation first. 

The relation of pigmentation to color inheritance in pigeons was investi- 
gated by HawKINs (1931). 

Hunt and Wricut (1918) made a number of microscopic observations 
on the hair of guinea pigs. They described black and “yellowish” granules 
and a yellowish diffuse pigment in sectioned hairs. 

Bocart and IBsEN (1937) examined the hair and in some cases the skin 
of various domestic animals, particularly cattle, in an attempt to determine 
the effects of some color genes upon the pigmentation of the hair and skin. 


1 Contribution No. 217, Department of Zoology, KANsAs STATE COLLEGE OF AGRICULTURE 
AND APPLIED SCIENCE. 

2 The writers are indebted to Dr. H. L. IssEN and RaLpu Bocart, who contributed valuable 
advice and criticism from the geneticist’s point of view; and to LEE FENt, who prepared the photo- 
graphs. Dr. IBsEN selected the animals which were used; the KANSAS ACADEMY OF SCIENCE 
granted a part of the funds for the maintenance of the colony. 
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In guinea pigs, they found both granular and diffuse types of pigment in 
the hair. They distinguished between black and chocolate granules and 
found that variations in the shade of the diffuse pigment, as well as in the 
amount and kind of granular pigment, were responsible for the different 
shades of red hairs. These results formed the immediate basis of the present 
study. 

MATERIAL AND METHODS 


Guinea pigs of known genetic composition with regard to the factors 
studied were bred under observation, and fetuses were obtained which 
ranged from 43 to 57 days, copulation age. A few newborn animals were 
also studied. Blocks of skin were taken from the nose, ears, back, and belly 
of each fetus and adult animal killed. These tissues were studied micro- 
scopically as fresh smears and as fixed and sectioned material. A variety 
of fixatives were used, including 8 percent neutral formalin and g5 percent 
alcohol, neither of which altered the color of the pigment. Most of these 
tissues were sectioned and mounted without staining. Bouin’s fluid was 
used as a fixative for tissues which were stained with hematoxylin and 
eosin and studied histologically. Whole mounts were made of hair samples 
from animals of various ages. 

By these methods the effects of the following color-determining genetic 
factors were studied: The extension series: E, e?, and e; Black and choco- 
late: B and b; The “albino” series: C, c4, c, and c*. Material was not avail- 
able for a study of the factor c* in the “albino” series. 

The appearance of the living animals at various ages was checked with 
the microscopic observations. Color in animals is influenced by non-genetic 
as well as by genetic factors; therefore, the food, light, and temperature in 
the colony were kept as constant and as favorable as possible, and the ani- 
mals used for breeding were not subjected to any experimental treatment. 

In the following discussion, the age of embryos is given in days calcu- 
lated from the date of copulation; other specimens are described either as 
newborn (less then one week old) or as adult (more than four weeks old). 


TYPES OF PIGMENT 


Two types of pigment—granular and diffuse—were observed. Granular 
pigment was of three kinds—red, black, and chocolate, found in red, black, 
and chocolate hairs, respectively. Black and chocolate granules only were 
seen in the skin. Colorless granules were found in the white hairs of c” and 
c* animals. They occupied a position corresponding to that of the colored 
granules in pigmented hairs. In every instance, the color of the hair was 
the same as that of the granules which it contained. 

Diffuse pigment ranged in shade from a pale yellow to a deep red-brown. 
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EXPLANATION OF PLATE I 


Ficure A.—Transverse section (X 148) through the skin of the back of a self intense chocolate 
fetus, aged 45 days. Fixed in Bouin’s fluid, stained with hematoxylin and eosin. The general his- 
tological relations of the developing skin and hair are shown. EP, epidermis; C, cone of pigment 
cells; P, papilla of the hair. 

FicurE B.—Transverse section (156) through the tip of the ear of a self intense chocolate 
animal. Formalin-fixed, unstained. The distribution of pigment in the hair (seen in longitudinal 
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It was seen only in the cortex of the fully formed hair and was always found 
in association with red, black, or chocolate pigment granules. 


DEVELUPMENT OF PIGMENT 


The earliest stages of pigment formation were observed in fetuses of 43 
days copulation age. Cells containing pigment granules were seen in the 
anlage of the hair, which was at this time a slight condensation of ecto- 
dermal cells projecting into the dermis. At the same time similar pigment 
cells were observed in the deep layer of the developing epidermis. 

These pigment cells were larger than the ordinary cells of the dermis and 
epidermis and usually were irregularly star-shaped, with long pseudopodia- 
like processes which extended far out between the surrounding cells. Mi- 
totic figures were often seen in them. Cells of this type were found both in 
the epidermis and in the hair, but none occurred in the dermis, nor in the 
dermal hair papilla. 

At a later stage of development (45 and 46 days) the branched pigment 
cells in the base of the follicle were arranged in a dense conical cap over the 
hair papilla (fig. A). They were pushed upward by the division and growth 
of the cells next to the surface of the papilla, and they became differenti- 
ated into two types: the polygonal cells of the medulla and the spindle- 
shaped cells of the cortex of the hair. Branched pigment cells also occurred 
in the external root sheath of the follicle, especially in black and chocolate 
animals (fig. B). 

The definitive hair was composed of a large medulla made up of star- 
shaped cells between which lay anastomosing air spaces; a rather thin cor- 
tex made up of flattened spindle-shaped cells; and a cuticle of thin over- 
lapping scales (fig. B). The medulla was narrow and discontinuous toward 
the distal end of the hair and was absent at the tip. 

The epidermis of the body was thin, and in pigmented animals branched 
pigment cells and scattered pigment granules were present in its deep 
layer. The epidermis of the nose and the ears became greatly thickened 
and contained, in addition to the branched type of pigment cells, several 
layers of small rounded cells in which granular pigment was found (fig. C). 

Pigment granules were seen in the cytoplasm of both types of pigment 
cells. They were either scattered or gathered into caplike masses over the 
peripheral surface of the nucleus in the small rounded cells of the skin of 





section) and in the skin are typical. EP, epidermis; F, pigment in the wall of the hair follicle; 
COR, cortex of the hair; M, medulla of hair; P, papilla. 

FicurE C.—Transverse section (443) through the skin of the ear of a self intense black ani- 
mal. Formalin-fixed, unstained. The stratum corneum is pulled away from the stratum granulosum. 
SC, stratum corneum; SGR, stratum granulosum; CP, “cap-like” mass of pigment granules at 
peripheral end of cell; SGV, stratum germinativum; D, dermis. 
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the nose and ear. The flat cells of the stratum corneum contained fewer 
granules than the cells in the deep layer. In the branched type of pigment 
cell the granules were scattered through the cytoplasm or clumped in one 
or more rounded masses which were often so compact that the individual 
granules could not be distinguished. Either masses of granules or scattered 
granules or both could be found in one cell. Pigment granules were also 
present between the cells of the hair bulb. Cytological observations indi- 
cated that the pigment did not originate directly from the nucleus but was 
formed in the cytoplasm of the cell. 

The time and place of development were the same for black, chocolate, 
and red granules. 

Study of the distribution of pigment granules in the hair was compli- 
cated by the presence of refractive surfaces in the medulla which appeared 
dark by transmitted light and often looked like pigment. The following 
methods were therefore employed in an effort to avoid confusion of pig- 
ment with “air spaces”: 

(1) comparison of cleared, uncleared, and partially cleared hairs; 

(2) examination of these hairs with reflected as well as transmitted 

light; 

(3) examination of sectioned hairs. 

The results show that while pigment is present in the medulla of many 
hairs, air spaces are always present and may look dark by transmitted 
light. It is possible that in some cases where pigment has been described in 
“albino” hairs, the air spaces might have been mistaken for pigment 
granules. 

DESCRIPTION OF PHENOTYPES 
Intense Black (C- E- B- P- ) 


The granular pigment of black animals was dark sepia in color. Rows 
and clumps of the granules were abundant in the cortex of black hairs, 
and “black” granules were densely packed in the shrunken cells of the 
medulla. A faint yellowish diffuse color was visible in the cortex of the hair. 
This diffuse pigment was somewhat darker at the tip of the hair and was 
almost absent at the base. “Black” granules were found in the pigment 
cells of the epidermis and of the wall of the follicle. 


Intense Chocolate (C- E- bb P- ) 


Chocolate granules were more translucent and were of a lighter brown 
color than the “black” granules. The amount and distribution of granules 
in the hair and the skin of chocolate animals was the same as it was in 
black animals. The pigment cells were the same as to size, shape, and dis- 
tribution in both types. Diffuse pigment in the cortex of a chocolate hair 
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was more intensely red and more conspicuous than it was in a black hair. 
Granular pigment in the skin was of the same color as that in the hair. 
Black and chocolate granules appeared to be the same with regard to 
size, number, and distribution, and the time of their appearance. In the 
earlier stages of development, when only a few granules were present in 
the skin and hair, it was difficult to distinguish between black and choco- 
late granules. A difference in color was apparent only when a number of 
granules were observed together. Chocolate pigment appeared to be more 
susceptible than black to the effects of dilution factors such as c’ and p. 


Deep Cherry Red (C- ee B- P- ), (C- ee bb P- ) 


All cherry red hairs which were studied contained translucent bright 
red-orange granules, abundant in the medulla and rather sparsely scat- 
tered in the cortex. A brilliant orange-red diffuse pigment was also present 
in the cortex. It was brighter near the tip of the hair than at the base. No 
black or chocolate granules were seen in any red hair, whether in a spot 
on an e? animal or on a self red. Red granules were larger than black and 
chocolate granules, and they were more irregular in shape. Their color was 
entirely different from that of black or chocolate; no intergrades were 
found. 

Red granules from different animals were sometimes different in shade; 
this variation seemed to be due in part to differences in the age of animals 
and in part to the influence of the factors B and 6. 

Sections of the skin of a spotted red-and-chocolate fetus were particu- 
larly valuable for comparing red and chocolate pigments. It was possible to 
observe, in one field of the microscope, follicles which were developing red 
hairs and follicles which were developing chocolate hairs. The differences 
could be observed easily and could not be ascribed to variations in the 
method of handling or preparation, since both were in the same tissue and 
were viewed under the same conditions of light and magnification. Red 
pigment in a spot on such a specimen appeared the same as that in a self 
red individual. 

From observation of fresh whole mounts of the skin of black and red 
fetuses (litter mates) it was determined that the skin pigment is the same 
in both B- red and black animals. The branched pigment cells of the skin 
contained black granular pigment in both fetuses, although the hairs of 
the red fetus contained red granules and those of the black fetus contained 
black granules. 

The skin of the nose and ear of B- red animals contained black granular 
pigment, although there was a little less present in red than in black ani- 
mals. Chocolate granules were present in the same locations in bb red 
animals. 
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Newborn deep cherry red animals were a much deeper red and were more 
brownish than adults of the same genetic composition. This agrees with 
the observation that in the earlier stages of their development black, 
chocolate, and red granules look alike. However, microscopical observa- 
tions showed that hairs from these young red animals were more like reds 
with very concentrated pigment than like chocolates or blacks. 


Light Red (c*c* ee bb smsm P- ) 


Hairs from animals of this composition had a few pale red granules in 
the cortex and the medulla. There was a small amount of yellowish diffuse 
pigment present in the cortex. It could be seen only at the tip of the hair. 
No chocolate granules were seen in the hair. 


c’ Black and White (c’c" e?- B- P- ) 
c’ Chocolate and White (c'c*e”- bb P- ) 


Some of the c” black animals were heterozygous for B; hence they pro- 
duced both c’ black and c’ chocolate fetuses, which could not be distin- 
guished from each other at an early age. When the difference could be 
recognized, as was possible in older fetuses, it was the same as the differ- 
ence between C- black and C- chocolate, which has already been described. 
For these reasons, c’ black and c’ chocolate animals are described together. 

To gross observation, c” black and c’ chocolate hairs appeared lighter in 
shade, especially near the base, than C- black and C- chocolate hairs. 
Microscopical examination showed that c’ hairs had fewer pigment gran- 
ules both in the medulla and cortex than C- hairs but that the granules 
themselves were typically chocolate or black. 

Red diffuse pigment was found in the cortex of c’ chocolate and c’ black 
hairs. It was less conspicuous in black than in chocolate hairs. 

White hairs from the c’ spotted animals contained neither red nor dark 
granules nor diffuse pigment; however, colorless granules were present in 
them. (The term “dark” is used here as it was by WRIGHT (1917) to in- 
clude both black and chocolate granules, hairs, or animals, as distinguished 
from red or white.) The difference between white and dark hairs was es- 
pecially evident in sections of the skin of these e” (spotted) animals, which 
showed chocolate, white, and “mixed” hairs in the same field of the micro- 
scope. In the skin, scattered dark pigment granules were often present in 
regions where the hair was white as well as where it was pigmented. 


c’ White (c’c" ee bb P- ) (c’c” ee B- P- ) 
“Albino” White (c*c* ee bb P- ) 


No difference was observed among the above three types of white hair. 
(E- bb and E-B- “albinos” were not available for study.) Neither red nor 
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dark pigment granules, nor diffuse pigment, were found in any of the white 
hairs which were studied. Colorless granules were seen in both c* and c* 
white hairs. They occupied a position in the cell and in the tissue compara- 
ble to that of the pigment granules in pigmented hairs. 


DISCUSSION 
Development of Pigment 


In those tissues of the guinea pig examined in this study the pigment 
was confined to the epidermis and its derivatives. No pigment cells were 
seen in the dermis nor in the dermal papilla of the hair. 

When the anlage of the hair first appeared, pigment cells could be iden- 
tified in it. At the same time, similar pigment cells could be seen in the de- 
veloping epidermis around the hair. The time of appearance of pigment was 
the same in all specimens studied, regardless of the genetic constitution. 
Hairs in several stages of development could be found on different body 
regions of a single fetus. It was possible to observe corresponding degrees 
of pigmentation in them. 

These observations are in contrast with the findings of EsskuCHEN 
(1927, 1930), who reported that the time at which pigmentation appeared 
in cattle fetuses varied with the color. Reddish-brown pigmentation ap- 
peared three and a half months later than black pigmentation. EsskUCHEN 
(1927) also stated that in cattle the extremities were the first to show pig- 
mented areas. The same was found by the present writers to be true in 
guinea pigs. In some types of guinea pigs, such as c" whites and some al- 
binos, the extremities are the only places where pigment ever appears. 


ACTION OF GENETIC FACTORS 


The following observations agree with those of BoGart and IBSEN 
(1937): (1) Pigment in the hair of guinea pigs occurs in two forms, granu- 
lar and diffuse. (2) The granular pigment is black in black hairs and choco- 
late in chocolate hairs. (3) Diffuse pigment occurs as several different 
shades of red. 

The observations given below disagree with the conclusions of BoGART 
and IBsEN (1937): (4) Red hairs contain red granular pigment, but no 
black or chocolate pigment. (5) White hairs from all animals studied may 
contain colorless granules, but no red, black, or chocolate granules. (6) 
Diffuse pigment is seen only in the cortex of the fully formed hair, and it is 
associated with some type of granular pigment. The intensity of the dif- 
fuse pigment is related to the type of granular pigment with which it is 
associated. (7) Diffuse pigment occurs in c’ dark hairs, as well as in C and 
c‘ hairs. None is found in white hairs. 

Bocart and IBsEN (1937) described the diffuse red pigment in guinea 
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pig hairs as if it alone accounted for the color of red hairs. They thought 
that in dark hairs the black or chocolate granules were “extended” so that 
they obscured the red diffuse pigment and that in red hairs, the black or 
chocolate granules were present but were not extended, thus permitting the 
red diffuse pigment to show through. They thought that a complete sup- 
pression of red diffuse pigment and the restriction of black or chocolate 
granular pigment to the medulla accounted for the colorless appearance of 
white hairs. 

We found neither black nor chocolate pigment in ee (red and white) 
hairs. Red hairs contained red granules and white hairs contained colorless 
granules; however, the two may not be homologous. The red granules are 
probably comparable to the “yellowish” granules which Hunt and WRIGHT 
(1918) described in red and yellow guinea pig hairs. HAWKINS (1931) 
stated that the red coloring in the feathers of pigeons was due to red granu- 
lar pigment. 

Action of Factors in the Extension Series 


On the basis of the above observations, it seems that the factors E 
(“extension”) and e (“non-extension”) should be described as determining 
the production of a definite type of granular pigment (dark or light), 
rather than the extension or non-extension of pigment granules over dif- 
fuse pigment. The light pigment produced in ee animals would then in- 
clude the various shades of red granules, and possibly colorless granules. 
The dark pigment produced in E- animals would then include black and 
chocolate granules. The distribution of pigment in the hairs from the dark 
and light areas of e? animals is the same as that in the hairs from E- and ee 
animals, respectively. 


Action of Factors in the “Albino” Series 


The factors in the “albino” series are discussed here in terms of their 
relation to the factors E and e. 

In C- (“dark eyed”) animals, the factor E determines the presence of 
dark granules in the hair. The factor e determines the presence of red 
granules in comparable positions. The action in the skin is probably quan- 
titative rather than qualitative, for no red granules were seen in the skin 
of any type of guinea pig studied. 

Too little work was done with c¢ animals to give a basis for describing 
the effects of that factor. 

In c’ (“red eyed,” “non-red”) animals, the factor E produces dark gran- 
ules in the hair, but e does not produce red granules. Instead, it may pro- 
duce the colorless granules which were observed. Dark granular pigment 
appears in the skin of c’ white animals, especially in the extremities. 

The factor c* (“albino”) is epistatic to both E and e. Neither red nor 
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dark granules were seen in the hair of c*c* animals of our stock; but color- 
less granules were seen there as they were in c’ animals. Here again, the 
action is not the same in the skin as it is in the hair. “Albino” guinea pigs 
usually have dark pigment in the skin of the extremities. Because of the 
presence of this pigment, c*c* guinea pigs are not considered true albinos. 


The Relation Between Diffuse and Granular Pigment 


When the actions of the factors in the “extension” and the “albino” 
series are interpreted as above, it becomes evident that the diffuse red 
color need not be considered as one of the pigments which is primarily de- 
termined by the genetic composition of the animal. The granular pigments 
seem to be the direct expression of the action of the color-determining 
factors. The color of the hair in each case corresponds to the color of the 
granules in it. The red difluse pigment appears to be formed in the cortex 
of the hair as a consequence of the presence there of some type of granular 
pigment. It behaves as if it were the product of a chemical or physical re- 
action between the granules and the cornified substance of the cortex of 
the hair. GoRTNER (1911) in his description of two kinds of melanin says: 

“Those melanins which are soluble in dilute acids are of a protein nature 
(melanoproteins). It appears probable that these melanoproteins are not 
present as granules, but that they are ‘dissolved’ in the keratin structure. 

“The melanins which are insoluble in dilute acids are of an unknown 
constitution and are probably the ‘pigment granules’ which may be seen 
in the hair and tissues.” 

Epwarps and DuNTLEY (1939), in studies of the living human skin, de- 
scribed a modified diffuse form of melanin which they called “melanoid.” 
It resembled melanin closely in its spectrophotographic properties, and 
it occurred only in cells derived from melanin-bearing cells—that is, the 
cells of the stratum corneum. The amount of melanoid in any skin de- 
pended upon the amount of melanin found there. Because of these rela- 
tions, the authors regarded “melanoid” as a degradation product of mel- 
anin. It was present as a dissolved pigment and reenforced the melanin, 
particularly in giving a purer yellow color than melanin alone. 

The relations described by Epwarps and DuNTLEY (1939) for the human 
skin are similar to those found in the hair of the guinea pig. These authors 
did not study the hair of their subjects. 

In c’ guinea pigs, white hairs are found in place of the red hairs of C- 
animals. Bocart and IBsEN (1937) assumed that these hairs were white, 
because they lacked red diffuse pigment. They expected that c’ black and 
chocolate hairs would also lack diffuse red pigment. The presence of red 
diffuse pigment in c’ black and chocolate hairs at first seemed contradic- 
tory to the description of the c’ factor (“non-red”). Its presence may be 
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explained if one assumes that it is red granular pigment rather than red 
diffuse pigment, which is determined by the C- factor in the presence of 
ee and which will not appear in c’ee hairs. In the absence of these red gran- 
ules no red diffuse pigment is formed; hence c’ee hairs are white. In c’E- 
hairs the diffuse pigment is formed as it is in C-E- hairs, in association with 
the black or chocolate granules which are present in the hair. The close 
association between granular and diffuse pigment is parallel to the descrip- 
tion of the “albino” series as given by BoGart and IBSEN (1937), in which 
there is no separate factor for the red diffuse pigment. 

The absence of all pigment from the hairs of “albino” (c*c*) animals 
may be explained similarly. In such animals neither red nor dark granules 
are present in the hair; hence no diffuse pigment is produced, and the hair 
is white. 

Action of the Factors B (black) and b (chocolate) 

The differences between black and chocolate pigment granules as seen 
in E animals have been described earlier in this paper. Part of the differ- 
ence between the types of granules seems to lie in their relation to the dif- 
fuse type of pigment. Red granules are bright and translucent and are as- 
sociated with a large amount of diffuse pigment. Chocolate granules are 
darker and denser, and less of the diffuse pigment is found with them. 
Black granules are darker than chocolate granules and are associated with 
an even smaller amount of diffuse pigment. 

When deep cherry red (ee) guinea pigs are examined, it it seen that the 
B- red animals are of a deeper color than the 0d reds and that this differ- 
ence is due as much to the shade of the hair as it is to the color of the skin 
of the ears, nose, and other exposed parts. The differences in the color of 
the skin may be explained on the basis of the presence of black pigment in 
the skin of the B- red animals and chocolate pigment in the skin of 6d red 
individuals. It was thought that the different shades of the red hairs mights 
be due to the presence of black and chocolate granules in B- and bd hairs. 
Since in both types of hair, red granules only are present, some other ex- 
planation must be found for the difference in shade between the two types 
of red hair. It has already been mentioned that there is some variation in 
the shade of the red granules. They are somewhat lighter in bd red hairs 
than they are in B- red hairs. The difference was seen only in material from 
adult animals. This leads to the conclusion that the factors B and b may 
have the same kind of effect on red granules as they do on dark granules. 
They may produce “light” and “dark” red granules in ee hairs just as they 
produce chocolate and black granules in E- hairs. 


CONCLUSIONS 


The earliest stages of pigment formation in the hair and skin of the 
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guinea pig were seen in fetuses of 43 days. At this stage no difference was 
apparent among black, chocolate, and red pigment granules. 

In older fetuses (44 to 57 days) and in adult animals, black, chocolate, 
and red granules were present in both the medulla and cortex of black, 
chocolate, and red hairs, respectively. Colorless granules, which may or 
may not have been homologous to the true pigment granules, were seen in 
white hairs. In every case, the color of the hair corresponded to the color of 
the granules which it contained. 

Diffuse reddish pigment was seen only in the cortex of the fully formed 
hair in association with black, chocolate, or red granular pigment. Hence, 
it was present in C- red and dark hairs and in c’ dark hairs, but it was ab- 
sent in c’ and c* white hairs. 

It is possible to explain the actions of the color determining factors in 
terms of their relation to granular pigment alone. The diffuse pigment 
may be considered as the product of the granular pigment. The following 
outline presents a possible explanation of the action on the hair of the color- 
determining factors which were studied: The factor E may determine the 
presence of dark granules. The factors B and b determine whether these 
granules are black or chocolate. The factor e in the homozygous condition 
may determine the presence of red granules. The factors B and 6 may pro- 
duce “dark” and “light” red granules. In the presence of the factor C, both 
E and e may act as described above. In the presence of the factor c’, in the 
homozygous condition, E may act as described, but e may produce only 
colorless granules, or none at all. Where the factor c* is present in the homo- 
zygous condition, E does not produce dark granules and e does not pro- 
duce red granules. Unless other factors are present, the hairs of c’ee and c* 
animals are white. The action of the factors in the light and dark areas of 
e” (spotted) animals corresponds to that in e and E animals, respectively. 
In the skin, the factors E and e, C, c’ and c* may affect the amount rather 
than the kind of pigment present. Where there is a small amount, it is 
found chiefly in the extremities. The factors B and b may control the color 
of the pigment in the skin, and act in the presence of either E or e. 
Observations on the histological and cytological origin of pigment in the 
guinea pig indicated that the pigment cells were ectodermal in origin and 
that pigment granules were not formed directly from the nucleus of the 
cell. 
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INTRODUCTION 


Fi perce RUSTICA (n= 24), used as the pistillate parent in 
crosses with NV. tabacum (n= 24), yields small, shrunken seeds, only 
a few of which are germinable. CuristorF (1928) estimates the viability 
at less than one percent. We have found three germinating seeds in about 
1850 tested. Two F,; hybrids reared by CHRISTOFF were vigorous, inter- 
mediate between the parents in habit of growth, and slightly fertile. The 
cross, therefore, occasionally results in offspring and differs in this respect 
from the mating N. rustica 9 XN. glutinosa (n=12) o& in which all the 
seeds die within a few days after fertilization. CoonER and Brink (1940) 
have recently described the histological changes leading to seed failure in 
the latter case, contrasting the behavior with that in NV. rustica which de- 
velops a full complement of seed on self-pollination. Presented here are the 
results of a parallel study of the N. rustica 9 XN. tabacum @ mating made 
with a view to discovering the basis of the partial fertility. 


METHODS 

The procedure followed is the same as that described in the NV. rustica 
XN. glutinosa study (Cooper and BRINK 1940). Castrated flowers of NV. 
rustica were pollinated by N. tabacum in the greenhouse, the pistils being 
collected at varying intervals thereafter for histological examination of the 
developing seeds. Parallel matings of NV. rustica selfed and N. rusticaX N. 
glutinosa furnished control material. Attention was directed mainly to three 
points which the earlier investigations had shown to be involved in seed 
failure: (a) endosperm growth, (b) differentiation of conducting tissue 
within the seed, and (c) behavior of the nucellus. Emphasis was placed on 
early post-fertilization growth in view of the previous finding that the 
structural changes eventually leading to seed collapse originate at this time. 


EXPERIMENTAL RESULTS 
Early development of normal and hybrid seeds 
The ovule of N. rustica selfed enlarges rapidly following fertilization. 
Measurement of two sets of five ovules each shows that the increase in 
1 Paper from the Department of Genetics, UNIVERSITY OF WISCONSIN, No. 278. The investiga- 
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total volume between the mature embryo sac stage and the 4-celled pro- 
embryo stage is about six and one-half fold. Most of the growth is in the 
integument, which is the largest tissue in the young seed, and involves in- 
crease in both cell number and cell size. Corresponding increases in ovule 
volume occur after fertilization of N. rustica with N. tabacum and N. glu- 
tinosa. In fact, both classes of hybrid seeds at the 4-celled proembryo stage 
were found to be somewhat larger than those of NV. rustica selfed. Too few 
seeds were available for measurement, however, to determine whether the 
differences are real. All that may be said at present is that the increase in 
ovule size following fertilization is at least as great in the interspecific 
crosses as after selfing. If not fertilized, the ovule does not expand beyond 
the size attained at the mature embryo sac stage. 

The endosperm nucleus in normally self-pollinated N. rustica divides 
shortly after fertilization, a cell plate is formed, and the tissue becomes 
two-celled. Further divisions proceed in quick succession. Growth of the 
embryo, on the other hand, is much slower. Usually the zygote does not 
divide until the endosperm contains 16 to 24 cells; 2-celled proembryos are 
accompanied by endosperms consisting of 24 to 64 cells. The integument is 
enlarging noticeably at this time. It is at about the 2-celled proembryo 
stage that the integumentary cells lying between the distal end of the single 
vascular bundle within the seed and the chalazal pocket, adjacent to the 
endosperm, become differentiated into conducting cells. The endosperm 
thus becomes linked directly with the vascular system. The nucellus in- 
creases in size as the endosperm expands, but remains one-cell layer in 
thickness. These relatively simple morphogenetic changes foreshadow the 
future course of development of the seed. It is significant that they are 
effected early—in N. rustica, before the true embryo stage is reached. 

Cooper and Brink (1940) have described the aberrations which occur if 
the sperms uniting with the NV. rustica egg and the polar fusion nucleus are 
derived from N. glutinosa rather than from the same species. A decreased 
rate of endosperm growth is immediately apparent, the nucellus becomes 
hyperplastic, and the integumentary cells between the apex of the vascular 
bundle and the chalazal pocket fail to differentiate into conducting ele- 
ments. Most of the seeds resulting from this wide cross cease growth within 
six days after pollination. The remainder collapse shortly thereafter. 

The hybrid NV. rustica X N. tabacum seeds are found to be similar in their 
early development to those from the N. rusticaX N. glutinosa cross. The 
difference is one of degree. Compared with normal N. rustica, the rate of 
endosperm growth is lower, but the reduction is less marked than in the 
N. glutinosa cross. The endosperm is cellular from the beginning, and mito- 
sis is regular. As in the N. glutinosa cross, marked hyperplasia of the nucel- 


SOMATOPLASTIC STERILITY 489 


lus occurs, and a direct vascular connection to the chalazal pocket is not 
established. 

Even at very early stages of seed development, it is found that the N. 
rustica X N. tabacum hybrid departs less from the normal course of develop- 
ment than does the N. rusticaX N. glutinosa combination. This is shown by 
the data in table 1 relating to the 2-celled and 4-celled proembryo stages. 
Outline drawings were made with the aid of a camera lucida of the endo- 
sperm and the nucellus in serial sections of seeds resulting from the three 
different matings. The areas occupied by the respective tissues were then 
measured with a planimeter, and the volumes computed. Each of the val- 
ues given is a mean based on seven seeds. 

Several noteworthy facts are evident from the data in table 1. At the 
2-celled proembryo stage the volume of the endosperm in the N. rustica 
XN. tabacum hybrid is about one-third less than in N. rustica selfed, al- 
though it is still more than 30 percent greater than in N. rusticaXN. 
glutinosa seeds. Likewise, the endosperm volume increases greatly in N. 
rustica selfed in passing from the 2- to the 4-celled proembryo stage and 
only slightly in both species hybrids. Striking also are the differences in 
volume of nucellus. At both respective stages the volume is least for NV. 
rustica selfed and greatest for NV. rustica XN. glutinosa, whereas the value 
for the partially fertile N. rustica XN. tabacum hybrid is intermediate. 


TABLE I 


Volume (cu. mm.) of endosperm and nucellus in seeds of N. rustica selfed, N. rusticaX N. tabacum, 
and N. rusticaX N. glutinosa at the 2- and 4-celled proembryo stages, respectively. 














2-CELLED PROEMBRYO 4-CELLED PROEMBRYO 
MATING ee 
DEVELOPMENT ENDO- NU- ENDO- NU- 
SPERM CELLUS E/N SPERM CELLUS E/N 
N. rustica selfed Normal] 3-037 2.062 1.47 5.135 2.818 1.82 
N.rusticaXN.tabacum Mostly fail, a few 
germinable 1.070 2.745 7a 2.112 2.966 By 
N.rusticaXN. glitinosa All fail early 1.486 2.861 $e 1.404 3.155 .48 








The balance between endosperm and nucellus, however, is the most sig- 
nificant relationship brought to light in table 1. This is expressed as a ratio 
(E/N) of the volumes of endosperm and nucellus. The E/N value for the 
control, V. rustica selfed, at the 2-celled proembryo stage is 1.47, increasing 
to 1.82 at the 4-celled proembryo stage. CoOPER and BRINK (1940) have 
shown earlier that at the approximately 20-celled true embryo stage E/N 
is about 3.5. The ratio is much lower in both classes of hybrid seeds, being 
about .7 for the NV. rusticaX N. tabacum cross and approximately .5 for the 
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N. rusticaX N. glutinosa combination. Furthermore, E/N does not increase 
as the hybrid seeds progress from the 2- to the 4-celled proembryo stage. 


The relations discussed above are expressed in diagrammatic form in 
figure 1. 





Percent 





2 -celled proembryos 








Percent 





4-Celled proembryos 
Nrustica ee Saas 
selfed N.tabacum  N.glutinosa 


FicuRE 1.—Relative volumes of endosperm and nucellus at the 2- and 4-celled proembryo 


stages in V. rustica selfed, N. rusticaX N. tabacum, and N. rusticaX N. glutinosa seeds. The areas 
of the rectangles are proportional to volume of endosperm plus nucellus. The cross-hatched por- 


tion of the rectangle, above the zero line, corresponds to endosperm, and the black area below, 
to the nucellus. 


These differences in the course of development are emphasized at later 
intervals, as is shown by an examination of material collected at 144 hours 
after pollination. The embryo is spherical and consists of 70 to 75 cells when 
N. rustica is selfed. A direct connection is maintained between the rapidly 
expanding endosperm and the vascular element of the seed (fig. 2). The 
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nucellus remains a single layer of cells in thickness. The cells of the integu- 
ment are turgid and show no signs of disintegration. 





FIGURES 2 to 4.—Longitudinal sections through developing seeds 144 hours after pollination, 
showing the relationship of the various structures. (int.) integument, (muc.) nucellus, (end.) 
endosperm, (emb.) embryo, (v.b.) vascular bundle, (c.p.) chalazal pocket.—Figure 2. N. rustica 
selfed showing the direct connection between the endosperm and the vascular bundle.—Figure 3. 
N. rusticaXN. tabacum showing the hyperplastic nucellus.—Figure 4. V. rusticaXN. glutinosa, 
same. The unshaded portions of the integument are composed of empty cells (e.c.). X82. 
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The young seed does not develop to the same extent following the cross 
N. rusticaX N. tabacum. The embryo is somewhat smaller and consists of 
65-70 cells. The endosperm develops slowly, its volume being only a frac- 
tion of that found in the selfed series (fig. 3). The nucellus, on the other 
hand, is hyperplastic and consists of several layers of cells at this interval. 
In many instances the nucellus does not completely occlude the endosperm. 
The conducting tissue, however, does not establish a direct connection with 
the endosperm. The endosperm apparently grows at the expense of the 





FicuREs 5 and 6.—Longitudinal sections through developing seeds following the cross N. 
rustica X N. tabacum at 288 hours, showing hyperplastic nucelli and areas of the integuments which 
are composed of empty cells (semi-diagrammatic). 82. 


integument. Depletion of the integument by the endosperm begins in the 
neighborhood of the chalazal pocket and eventually extends around the 
entire nucellus, as seen in figures 5 and 6. 

The evidence is clear that some nutrients are moved in during develop- 
ment in spite of the starved appearance of the hybrid seeds. Little or no 
starch and fat are observable in the mature ovule, but numerous starch 
granules appear in the integument and nucellus shortly after fertilization. 
Later, the nucellus may accumulate a considerable store of food. Moreover, 
as impoverishment of the integument progresses, the cells on the same side 
of the seed as the vascular bundle retain their contents the longest. In the 
most extreme cases of depletion observed, only the cells in the region of the 
apex of the bundle are intact. It would appear, therefore, that while foods 
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continue to move into the hybrid seeds, the rate of translocation is much too 
low to balance the losses of the integument to the hyperplastic nucellus 
and the enclosed endosperm and embryo. 

Only a very few actively developing seeds are present at this interval 
when J. glutinosa is used as the staminate parent. Even though such seeds 
are appreciably smaller than those in the NV. rusticaX N. tabacum cross, the 
embryos are of a similar size. The endosperm, on the other hand, is very 
poorly developed even in those instances where it has not become com-_ 
pletely separated from the integument by the proliferating nucellus (fig. 4). 
Practically all the cells of the integument with the exception of those im- 
mediately adjacent to the vascular bundle are completely empty. 

Seeds of varying sizes are found at 288 hours after pollination in the 
cross NV. rusticaX N. tabacum. These range from completely aborted rem- 
nants to those with turgid endosperms and growing embryos. Even among 
those which are continuing to develop there is a wide variation in size 
(fig. 5, 6). There is likewise a considerable range in the amount of endo- 
sperm present. The cells of the integument, with the exception of those at 
the periphery and those in the region of the vascular bundle, are empty and 
more or less collapsed. 


Delayed collapse of the N. rusticaX N. tabacum seeds 


It is evident from the foregoing account that the course of development 
entered upon by the N. rusticaX N. tabacum seed is similar to that which 
leads to early collapse in the case of NV. rusticaX N. glutinosa. The essential 
difference between the two hybrids is in time of seed collapse. The N. 
rustica X N. glutinosa seeds all abort within about ten days after fertiliza- 
tion. Many of the NV. tabacum hybrid seeds cease growth during this period 
also, but others continue development for varying periods up to the time 
the capsule is ripe. 

The immediate cause of death of the NV. rusticaX N. glutinosa seeds was 
attributed by Cooper and BRINK (1940) to starvation of the endosperm 
through interruption of the food supply by overgrowth of the nucellus. It 
was pointed out that the histological evidence indicates that in addition to 
consuming nutrients which would normally pass to the endosperm and 
embryo, the hyperplastic nucellus also tends to block the inward move- 
ment of these materials. Frequently, although not invariably, the endo- 
sperm of collapsing seeds is found to be completely occluded by the over- 
grown nucellus. That is, the gap adjacent to the chalazal pocket through 
which the nutrients normally appear to flow to the endosperm is closed by 
proliferation of the neighboring nucellar cells. This condition is the climax 
of the structural changes associated with somatoplastic sterility in tobacco. 

Even though collapse of the seed often intervenes before the nucellar gap 
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closes entirely, the frequency of occluded endosperms may be used as a 
measure of the intensity of the developmental changes leading to somato- 
plastic sterility in this plant. Counts were made, therefore, on seeds of the 
two respective hybrids at the 8- to 16-celled embryo stage to determine the 
proportions in which the nucellar gap is closed. Collapse is rather frequent 
in both hybrids at this time, but the counts were based on seeds which had 
not yet shown clear signs of breakdown. 

As shown in table 2, the nucellar gap was still open in 75 percent of the 
N. rusticaX N. tabacum seeds at this stage as compared with only 26 per- 
cent of the cases in the NV. rusticaX N. glutinosa cross. The gap is open in 
all the selfed N. rustica seeds, there being no hyperplasia of the nucellus 
associated with this fully fertile mating. According to this criterion, there- 
fore, the grade of somatoplastic sterility is definitely lower in the N. 
tabacum hybrid than the JN. glutinosa cross. The data on occlusion are 
also in accord with expectation based on the E/N relations in the young 
fertile ovules, as discussed above. All these data point to the conclusion 
that the developmental changes associated with somatoplastic sterility 
progress more slowly in the NV. rusticaX N. tabacum seeds than in the seed 
from the corresponding J. glutinosa cross. 


TABLE 2 


Distribution with reference to open and closed nucellar gaps of N. rustica selfed, N. rusticaXN. 
tabacum and N. rusticaX N. glutinosa seeds at the 8- to 16-celled embryo stage. 





NUCELLAR GAP 








MATING NUMBER NUMBER PERCENT 
OPEN CLOSED OPEN 
N. rustica selfed all ° 100 
N. rusticaX N. tabacum 68 22 75 
N. rusticaXN. glutinosa 27 76 26 





Development of viable seeds in the N. rusticaX N. tabacum cross 


Cooper and BRINK (1940) observed that exceptional NV. rusticaX N. 
glutinosa seeds, living as long as nine days after fertilization, showed a nar- 
row, finger-like portion of the endosperm projecting through the nucellar 
gap into the chalazal pocket. They suggested that this might be the basis 
for the increased duration of growth following other matings in which col- 
lapse of the seed characteristically occurs at later stages of development. 
The present investigation affords corroborative evidence that this anatomi- 
cal relationship is an important factor affecting survival. It is probable that 
the few shrunken but germinable seeds which are found at maturity after 
the N. rusticaX N. tabacum cross owe their continued development to this 
adventitious connection of the endosperm with the integument. 
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Numerous still viable NV. rusticaX N. tabacum seeds were examined at 
intervals varying from six to 15 days beyond fertilization. The most ad- 
vanced of these seeds had reached approximately the mid-period of de- 
velopment. The embryos in some of them showed the beginnings of the 
cotyledonary outgrowths. Since the hardened testa interferes with section- 
ing of still older seeds, later stages were not examined. 

Without exception, the endosperm in these longer persisting seeds still 
maintains a connection with the chalazal pocket through the nucellar gap. 
The connecting strand of endosperm tissue is of small circumference and 
is sometimes of considerable length, as shown in figure 6. There is no de- 
velopment of the vascular tissue beyond that found in the mature ovule. 
The growth of the hybrid endosperm and embryo is at the expense of the 
integument. The cells of the latter tissue adjacent to the chalazal pocket 
lose their contents rather early, and as the seed becomes older, a large part 
of the integument becomes depleted. The restricted growth and impover- 
ishment of this outer tissue is reflected in the excessively shrunken condi- 
tion of the mature seed. 

Thus there is a basic difference in the mechanism by which the nutrients 
within normal NV. rustica and N. rusticaX N. tabacum seeds are distributed. 
In the former, differentiation into conducting tissue of the integumentary 
cells between the apex of the vascular bundle and the chalazal pocket en- 
ables a portion of the nutrients moving into the seed to pass directly to the 
endosperm. The latter nourishes the embryo, which it encloses. Presuma- 
bly, nutrients also diffuse from the conducting cells into the integument, 
supporting growth in this tissue and in the nucellus. In the hybrid seeds, 
on the other hand, the differentiation does not occur, so that the terminus 
of the vascular strand remains in the integument. The integument, conse- 
quently, is the recipient of all the incoming food materials. A secondary 
mechanism for nourishing the embryo, however, may come into play. The 
endosperm may project through the nucellar gap, making contact with the 
seed coat at that point, and thus obtain food material from the integument 
sufficient for continued growth. The integumentary cells are unable to re- 
place fully the materials given up to the endosperm, however, and an in- 
creasing number of them become deprived of their contents as development 
proceeds. Most of the hybrid seeds fail under these conditions, but a few 
may form functional embryos. An essential anatomical difference between 
the normal seed and the hybrid, therefore, is that in the former the endo- 
sperm is in a terminal position with reference to the vascular element, 
whereas in the cross, undifferentiated integumentary tissue is interposed 
between the endosperm and the end of the vessels. The normal and second- 
ary mechanisms by which the nutrients are partitioned in the seed are 
illustrated in figure 7. 
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DISCUSSION 


The evidence presented above shows that the N. rusticaX N. tabacum 
cross represents a case of incomplete somatoplastic sterility. The post- 
fertilization development of the ovule departs from the normal course in 
the same way as in the completely abortive NV. rustica X N. glulinosa seeds, 
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Ficure 7.—Flow chart illustrating the presumed distribution of nutrients within normal J. 
rustica seeds (above) and N. rusticaX N. tabacum hybrid seeds (below). Whereas all the nutrients 
entering the hybrid seeds are discharged into the integument (Int.), a portion passes directly to 
the endosperm (Endosp.) in normal seeds. The respective relations of embryo (E.) and nucellus 
(Nuc.) to these tissues are shown. 
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but in a lesser degree, so that a few of the seeds may attain a germinable 
condition. COOPER and BRINK (1940) found that the NV. rusticaX N. glu- 
linosa hybrid seeds differ profoundly in their histology from those of normal 
N. rustica and that the changes are of a sort which would be expected to 
alter the partition of nutrients between the endosperm and the surrounding 
tissues. The behavior of the NV. rusticaX N. tabacum hybrid demonstrates 
how a fertile ovule thus modified in its physiological anatomy may develop 
into a germinable seed. Disorganization of the primary mechanism for 
nourishing the embryo does not necessarily result in sterility; the residual 
structure may still be capable of becoming a functional seed. 

A primary requirement for continued growth of the hybrid seeds is that 
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the endosperm retain a direct association with the integument through the 
nucellar gap. If the nucellar gap remains open, sufficient nutrients may 
move in from this tissue to maintain the endosperm as a functioning organ. 
The integument, however, becomes exhausted in the process. 

As compared with the N. rusticaX N. glutinosa hybrid, in which all the 
seeds fail, the N. rusticaXN. tabacum cross shows a more rapid early 
growth of the endosperm and, at later stages, a higher proportion of seeds 
in which the endosperm maintains contact with the integument through 
the chalazal gap. The more rapid early development of the endosperm in 
the NV. tabacum hybrid is probably the basic factor in the higher E/N ratio 
observed and in maintaining a direct connection with the integument in 
the few seeds which persist. Early post-fertilization behavior appears to be 
doubly critical for seed survival in the sense that if the primary morpho- 
genetic changes normally occurring at this stage fail, the essential character 
of the secondary mechanism for nourishing the embryo is concurrently 
determined. 

The new facts further emphasize the responsiveness of the endosperm 
to variations in genotypic constitution and the basic significance of the 
tissue in early seed development. Not only does the endosperm nourish the 
enclosed embryo, but it is now apparent that it also has an important mor- 
phogenetic function. The establishment of conducting tissue between the 
vascular strand and the chalazal pocket is dependent upon it in the tobacco 
ovule. The success or failure of this highly localized early post-fertilization 
event profoundly influences subsequent development because of the effect 
on distribution of nutrients within the seed. 

The rapid enlargement of the ovule following syngamy suggests that 
growth promoting substances are formed within the embryo sac which dif- 
fuse into the surrounding tissues. It is probable that these substances are 
produced by the endosperm rather than the embryo because of the much 
more rapid growth of the former. Differentiation of the integumentary cells 
between the apex of the vascular bundle and the chalazal pocket into con- 
ducting cells is one of the primary responses of the ovule to these endo- 
sperm secretions. COOPER and BRINK (1940) point out that it is along this 
path that the maximum concentration of nutrients passing to the fertile 
embryo sac probably occurs. The extension of the vascular tissue which 
ensues may be considered as a reaction of these well nourishéd cells to the 
substances diffusing from the endosperm. Whether distant outcrossing al- 
ters the endosperm secretion qualitatively or only reduces its amount be- 
low the effective threshold cannot be stated. The rate of growth of the 
hybrid endosperm is lower than that of the normal, so that the amount of 
the secretion is probably reduced whether or not is it also changed in kind. 

Mitosis is regular in the endosperm of these Nicotiana species hybrids. 
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The young endosperm in some plants is particularly prone to collapse on 
fixation and thus yield an unrepresentative histological picture (cf. Boyes 
and THOMPSON 1937); and it seems probable that the gross abnormalities in 
nuclear and cell division which are occasionally reported originate in this 
way. Examination in our laboratory of numerous preparations of endo- 
sperm tissue of both monocotyledons and dicotyledons leads us to the view 
that any interpretation of seed failure which assumes that mitotic irregu- 
larities are responsible is clearly open to question. 

Most of the studies which have been made of partial and complete steril- 
ity resulting from seed collapse have dealt with the arrest of growth at 
stages well beyond fertilization. Doubtless much early abortion has been 
overlooked because of the technical difficulty of separating it from non- 
fertilization. Nevertheless, it is clear that failure is not limited to one period 
but may occur at any time in the growth of the seed. COOPER and BRINK 
(1940) have pointed out the parallel between their findings on early seed 
failure in the NV. rusticaX N. glutinosa cross and the observations of REN- 
NER (1915) on Oenothera, BRADURY (1929) on the sour cherry, Prunus 
cerasus, and SATINA and BLAKESLEE (1935) on the hybrid between Datura 
stramonium and D. metel. All these cases exhibit one or more of the essential 
early post-fertilization features of the phenomenon we have termed soma- 
toplastic sterility. The question now to be considered concerns the extent to 
which deferred seed failure also falls in the same general category. 

The evidence on the NV. rusticaX N. tabacum hybrid is significant in this 
connection is establishing the fact that the early post-fertilization morpho- 
genetic changes characteristic of somatoplastic sterility may not prove to 
be lethal immediately. The collapse which occurs later, however, may be 
traced directly to the changes manifested in the young fertile ovule. In 
other words, the mechanism of seed failure is the same whether collapse 
occurs early or late. The life span of the growing seed is determined by the 
speed with which the abnormal type of development proceeds. This finding 
creates a presumption in favor of the view that arrested growth in rela- 
tively advanced seeds of other species is frequently due to a set of causes 
similar to those described. 

This question is of considerable interest in several of the orchard plants 
in which seed failure has received much attention because of the relation- 
ship between it and development of the associated fruit. Analysis of the 
reproductive problem in these cultivated forms has proved difficult because 
of the diversity of more or less interrelated phenomena involved. Varia- 
tions affecting fertility and fruitfulness occur at all stages in the reproduc- 
tive cycle from differentiation of the flower bud onward; and behavior at 
one phase may condition the reaction of the plant at succeeding phases. 
Furthermore, there is a correlation between one reproductive cycle and the 
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next in varieties prone to fruit in alternate years. Nevertheless, consider- 
able progress has been made in resolving the complex into its elements; 
and it is proposed now to inquire to what extent the observed variations in 
seed development may be interpreted in terms of somatoplastic sterility. 

Waite (1895), in an early investigation on pollination in the pear, re- 
ported that fruits resulting from selfing not only contain few seeds but that 
these are usually abortive. Cross-fertilization, on the other hand, gives rise 
to fruits well supplied with sound seeds. Other workers have since observed 
this same relation in the apple and the pear. Since many varieties in these 
species are partially self-incompatible, there are probably two distinct 
factors responsible for the reduced seed formation, as COOPER and BRINK 
(1940) find in alfalfa. The frequency of ovules becoming fertile in the latter 
plant is lowered as a result of restricted pollen tube growth, and secondly, 
many fertile ovules fail to develop into mature seeds because of somato- 
plastic sterility. The assumption that somatoplastic sterility resulting from 
a weakened condition of the endosperm as a result of inbreeding is responsi- 
ble for the shrunken seeds in self-pollinated pome fruits is not wholly 
gratuitous. BRYANT (1935) has shown, for example, that development of 
the endosperm in the apple is definitely retarded after selfing and that, 
following compatible out-crossing, the collapse of seeds tends to occur later 
and is reduced in frequency. It may be anticipated that the advantage now 
generally recognized in making provision for cross-pollination in commer- 
cial plantings of several of the orchard fruits will be found to rest not only 
upon the higher incidence of fertilization that results but also upon the 
lowered rate of failure of seeds containing hybrid rather than inbred endo- 
sperms. 

A relatively small proportion of the flowers on a normally blossoming 
fruit tree give rise to mature fruits. HEINICKE (1917) states that it is usu- 
ally less than ten percent in the apple. The remainder are shed, often in 
three rather irregular waves termed first, second, and third or June 
“drops,” beginning shortly after blossoming starts and terminating sev- 
eral weeks later. The causes of this drastic reduction in fertility have 
received considerable study. The main emphasis has been placed upon the 
nutritional relations, which HEINICKE (1917), ROBERTS (1926), and others 
have shown to be important. Our present attention is directed to a limited 
phase of the question—namely, the nature of the seed failure which is as- 
sociated with abscission of the fruit. 

MULieR-THURGAU (1898) showed that the June drop fruits usually con- 
tain embryos which have ceased to grow. The arrested growth of embryos 
was emphasized by Kraus (1915) as a major factor in reducing fertility 
in this class of plants. Dorsey (1919), working with the plum, found that 
the flowers falling in the first drop possessed aborted pistils, the frequency 
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of which, like fruit bud formation, tended to be correlated with the size of 
the preceding crop of fruit. The second drop, occurring from two to four 
weeks after blooming, involved the remaining pistils in which fertilization 
had not taken place. The third drop is characterized by fruits of larger size 
in which fertilization has occurred but embryo development has stopped. 
ROBERTS (1926) also observed that in the apple the first drop involves in- 
fertile flowers. Practically all second drop fruits, however, showed evidence 
of fertilization. The more advanced drop fruits contained seeds in which 
the embryo was partially developed. Additional evidence is presented by 
DETJEN (1926) showing that in the apple, plum, peach, nectarine, and sour 
cherry, the fruits falling somewhat beyond the blossoming stage contain 
fertile ovules. MURNEEK (1937) has recognized four waves of drops in the 
apple in Missouri. Embryos are frequently present in the small second drop 
fruits but are retarded in growth. The numerically smaller third and fourth 
drops are made up of apples }”-1” in diameter containing partially de- 
veloped seeds. 

BRADBURY (1929) examined 250 third drop fruits of the sour cherry and 
found embryos in all but two of them. This investigator’s histological stud- 
ies provide the clearest evidence at present available that the seed failure 
associated with premature dropping of the fruit in orchard plants is of the 
same type as that described herein for the NV. rusticaX N. tabacum cross. 
The fact of primary importance which BRADBURY presents in this connec- 
tion is that the seeds in dropped fruits have a weakly developed endosperm 
and an overgrown nucellus. 

Dorsey (1919) observed that the number of fruits reaching maturity in 
the Compass variety of plum differed greatly, depending upon whether it 
was pollinated with the Yellow Egg or the Burbank variety. Of 1327 Com- 
pass flowers pollinated by Yellow Egg, 652 fruits began development, but 
only eight matured. When Burbank was used as the pollen parent on the 
same pistillate variety, of 175 flowers pollinated, 116 set fruit and 114 ma- 
tured. Dorsey reports further, “A characteristic of all the seeds dissected 
in the cross Compass X Yellow Egg was the small amount of endosperm 
present.” 

There are definite indications in the work of DorsEy (1919), BRADBURY 
(1929), and Bryant (1935), therefore, that somatoplastic sterility is a fre- 
quent cause of seed collapse in the orchard fruits. Confirmation of this view 
and a detailed knowledge of the manner in which the phenomenon is mani- 
fested in these rosaceous plants awaits further investigation. 

Assuming that somatoplastic sterility is the operating mechanism, one 
of the important questions to be elucidated in the orchard fruits is the man- 
ner in which variations in the plane of nutrition affect the incidence of seed 
failure. It may be pointed out at this time that fluctuations in the amount 
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of seed failure according to the nutrient level are consistent with the 
somatoplastic sterility hypothesis. The genetic composition of the endo- 
sperms formed in these highly heterozygous plants may be expected to 
differ widely. By virtue of these inherent differences, some are more able 
than others on a given plane of nutrition to support normal seed develop- 
ment. As the nutrient level of the seed declines, due to a heavy set of fruit, 
unfavorable position on the plant, and the like, it nay be expected that an 
increasing proportion of the endosperms will fall into the ineffective class. 
Dorsey (1919) has expressed a similar idea, in terms of the embryo, how- 
ever, rather than the endosperm. 

TUKEY (19334, 1933b) and Tukey and LEE (1937) in a significant series 
of studies, find that the early ripening varieties of the sweet cherry (Prunus 
avium), sour cherry, and peach (P. persica) are characterized by defective 
or abortive seeds. Varieties which mature at successively later times form 
larger, often viable, seeds whose embryos are correspondingly plumper and 
firmer. Three developmental stages between flowering and maturity of the 
fruit are recognized which TuKEy and LEE (1937) characterize in the fol- 
lowing way for the peach. In stage I, extending for about 50 days following 
full bloom in all varieties, rapid growth of the fruit occurs, whereas the 
embryo remains microscopic in size. During state II, development of the 
fruit is retarded and the embryo begins a cycle of growth which continues 
until it attains the maximum size for the variety. The duration of stage II 
varies directly with the lateness of maturity of the variety (five days for 
Greensboro, an early sort, and 42 days for Chili, a late variety). The final 
swell of the fruit takes place in stage III. The onset of stage III, varying 
in time according to the length of stage II, finds the embryos in early 
varieties still small, whereas those of late varieties are nearly full size. Dur- 
ing stage III there is an accumulation of reserve foods, particularly fats, in 
the embryo. The amount stored is small in the case of early varieties with 
abortive seeds and markedly higher in late varieties forming viable seeds. 

The extensive body of evidence which TuKEy and his associates have 
obtained is especially significant for an understanding of the causal rela- 
tionships between seed and fruit formation. Since our investigations are 
concerned primarily with the seed, we shall limit comment mainly to this 
structure. If TuKEy’s work falls short of pointing the way to a satisfactory 
explanation of the sterility found, this is due, in our judgment, to the rela- 
tive paucity of facts regarding stage I. The data regarding differentiation 
and growth of the young seed in orchard fruits are fragmentary, as we 
pointed out earlier. The limited evidence available, however, indicates that 
early post-fertilization behavior in these plants is subject to the same dis- 
turbances we have described for Medicago (BRINK and CooPER, 1940) and 
as are now reported for the incompletely sterile NV. rusticaX N. tabacum 
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cross. One may expect, therefore, that the course of development leading 
to abortive or defective seeds in the drupes has its inception also in an un- 
balance in early growth between the endosperm and adjacent maternal 
tissues. The unbalance, being manifest during a period when morpho- 
genetic changes affecting the distribution of nutrients are occurring deter- 
mines the subsequent behavior of the seed. The formative changes in the 
seed governed by the endosperm take place during stage I; presumably, a 
stage II of normal duration is contingent upon their completion during this 
previous period. If development of the seed in stage I is not regular, then 
various secondary effects may ensue, one of which, in the drupes, appears 
to be a hastening of maturity of the fruit. It is not to be inferred, however, 
that earliness of maturity in this material is governed solely by the be- 
havior of the seed. The influence of the maternal genotype, as such, on the 
seed and fruit is also to be considered. This brings us to our final point. 

Implicit in our interpretation of seed collapse is the assumption that 
somatoplastic sterility is influenced by the maternal genotype as well as by 
that of the endosperm. Normal seed development is considered to be con- 
tingent upon a certain balance between the reaction norms of these geno- 
typically diverse tissues. Two-thirds of the inheritance carried by the 
endosperm is a reduplicated sample half of the maternal genotype. This 
means that the genetic make-up of the endosperm is quantitatively much 
more like that of the associated maternal tissue than if the inheritance were 
received equally from the two parents, as in the embryo. Even with the 
“adaptive” possibilities inherent in this mechanism, however, it is probable 
that the mean difference in the reaction norms of maternal tissues of the 
seed and endosperm varies significantly from one variety to another. For 
the sake of simplicity, one may think of the maternal genotype in this con- 
nection as tending to promote hyperplasia of the nucellus and integument 
during early seed development and the various possible associated endo- 
sperm genotypes as opposing this process. We are suggesting that the dis- 
parity in strength of these two forces differs somewhat according to the 
genotype of the maternal parent. Although conclusive evidence for this 
view is not at hand, some facts are available that seem to validate it. 

The formation of certain seedless fruits, for example, requires that fertil- 
ization occur and that the seed develop for at least a short period. The 
seed then collapses but the fruit continues to grow. PEARSON (1932) finds 
that this behavior characterizes the Sultanina (Thompson Seedless), Sul- 
tana, and Black Monukka grapes. The work of OLMo (1934), Stout (1936), 
and others shows that the phenomenon is common in Vitis. Between the 
seedless and highly fertile varieties different grades of seedlessness are rec- 
ognized, a given clone being relatively constant in this respect. OLMO (1934) 
emphasizes the interesting fact that the degree to which seeds develop is 
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governed by the maternal genotype and is independent of the source of 
pollen. Stout (1936) makes the same statement. 

The histology of seed collapse in the grape has not been fully worked out; 
but from the accounts given by PEARSON (1932) and STouT (1936) it ap- 
pears that excessive proliferation of the nucellus and integuments in asso- 
ciation with a weakly growing endosperm may be involved. Stout’s (1936) 
figures 22, 23, and 46, relating to seedless clone No. 10918, suggest this ex- 
planation. Stout observes in this case that month old seeds may contain a 
small, globular embryo, “a narrow central cylinder of rather few endo- 
sperm cells and much nucellar tissue.” It is probably significant also that 
the inner integument in this clone at anthesis abnormally protrudes beyond 
the outer integument and undergoes much further proliferation after ferti- 
lization. This is not an isolated instance, for PEARSON (1932) previously 
reported the same condition in the seedless Sultanina, Sultana, and Black 
Monukka varieties. Is this to be construed as structural evidence of a pre- 
disposition toward abnormal growth of the maternal tissues of the seed 
regardless of the genetic constitution of the associated endosperm? Provi- 
sionally, the fact may be so interpreted. Further study of this aspect of 
somatoplastic sterility is needed, however, and the grape appears to be a 
plant for which the required quantitative evidence might be obtained. 


SUMMARY 


A histological study of seed development following the mating Nicotiana 
rustica 9 XN. tabacum ¢& is reported. Most of the hybrid seeds collapse 
at various stages before maturity of the capsule; a small fraction, however, 
may attain a germinable condition. The behavior is compared with that in 
N. rustica selfed, in which seed formation is normal, and with N. rustica 2 
XN. glutinosa ¢&, in which all the seeds abort at an early stage. 

The course of development of the NV. rusticaX N. tabacum seeds is similar 
to that in the N. rusticaX N. glutinosa mating in that (a) endosperm growth 
is retarded, (b) pronounced hyperplasia of the nucellus occurs, and (c) the 
integumentary cells lying between the apex of the vascular bundle and the 
chalazal pocket fail to differentiate into conducting elements. The differ- 
ence between these two kinds of seeds with reference to endosperm growth 
and hyperplasia of the nucellus is quantitative, the N. tabacum hybrid 
showing a less abnormal development than the N. glutinosa hybrid. 

The two kinds of hybrid seeds differ from each other and from normal 
N. rustica seeds even at the 2-celled proembryo stage in relative volumes 
of endosperm and nucellus (E/N ratio). N. rustica, selfed, shows the high- 
est value (1.47), N. rusticaX N. glutinosa, the lowest (.51), and N. rusticaX 
N. tabacum is intermediate (.72). 

At the 8- to 16-celled embryo stage the proportions of seeds in which the 
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endosperm is occluded by overgrowth of the nucellus were as follows: N. 
rustica, selfed, none; N. rusticaX N. tabacum, 22 percent; N. rusticaX N. 
glutinosa, 76 percent. 

In all N. rusticaX N. tabacum seeds continuing growth beyond the early 
stages the endosperm was found to be in direct association with the integu- 
ment through a narrow gap in the nucellus at the chalazal end. 

The endosperm and embryo in persisting N. rusticaX N. tabacum seeds 
grow at the expense of the integument, the cells of which become depleted 
of their contents during the process. 

The JN. rusticaX N. tabacum hybrid is interpreted as a case of incomplete 
somatoplastic sterility, the developmental changes associated with this 
phenomenon usually, but not invariably, proceeding to a point which re- 
sults in seed failure. 

The present findings are discussed in relation to seed failure in some 
other plants, particularly certain cultivated fruits. 
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HE frequency of meiotic crossing over in Drosophila females is known 

to be influenced by such non-genetic factors as the age of the fly, the 
temperature prevailing during larval, pupal, and adult life, exposure to 
X-rays, radium radiations, and ultraviolet radiation, treatments designed 
to render the female temporarily sterile, and the length of time spent in the 
larval stadium (for reviews of the literature on this subject cf. BRIDGES 
1929, STERN 1933, LUDWIG 1938). The investigation described below was 
undertaken to determine whether or not another environmental factor 
affecting the frequency of genetic recombination in D. melanogaster—and 
one which could be a source of complication in the last of the above men- 
tioned correlations—might, under certain conditions, be the availability 
of food during the larval stage. 

This question has been briefly touched upon by several earlier ir~ *sti- 
gators. PLouGH (1917) was unable to detect any influence of prolonged 
partial starvation of larvae upon crossing over. GOWEN (1919) noted 
differences in the amount of crossing over shown by flies raised on fer- 
mented banana and genetically comparable individuals raised on an arti- 
ficial food mixture consisting of starch, sugar, peptone, yeast, and water, 
but these differences were not certainly significant. Finally, the papers of 
SEREBROVSKY (1927) and BERGNER (1928) contain data which can be 
interpreted as indicating that food conditions have an effect on the fre- 
quency of genetic recombination, although these data, for reasons which 
will be discussed below, do not permit a satisfactory evaluation of the 
role of nutrition. 

The results of this investigation were reported in a preliminary fashion 
at the 1940 Christmas meetings of the Genetics Society of America (NEEL 
1941). 

MATERIALS AND METHODS 

The first step in the present work involved a mass mating of approxi- 
mately roo wild type females with an equal number of rucuca males. The 
latter were homozygous for a well known combination of third chromo- 
some genes—namely, roughoid (ru, 0.0), hairy (h, 26.5), thread (th, 43.2), 
scarlet (st, 44.0), curled (cu, 50.0), stripe (sr, 62.0), sooty (e*, 70.7), and 
claret (ca, 100.7). When the females were laying freely, eggs were collected 
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at four hour intervals and placed in lots of 60 to 70 on well yeasted corn- 
meal-molasses agar contained in one-fourth pint milk bottles. Develop- 
ment took place at 26°C. At a mean egg-larval age of 70 hours the larvae 
were divided into two groups. One group, the controls, completed develop- 
ment under the previously existing conditions. Larvae belonging to the 
other group were placed in vials containing nothing but Kleenex (an ab- 
sorbent cleansing tissue) which had been moistened with water. A high 
proportion of the larvae so treated formed puparia, and puparium forma- 
tion and the subsequent eclosion took place at approximately the same 
time or even slightly earlier in the experimental group than in the controls. 
This observation agrees with the findings of ALPAaTov (1930) and BEADLE, 
Tatum, and CLancy (1938). The mean weight of 58 newly eclosed females 
developing from control larvae was 1.11 mg, while that of 171 female¢ 
developing from partially starved larvae was 0.64 mg. 


TABLE 2 


The percent of crossing over in the different regions during successive periods. 











PERIOD 
REGION 
r 2 3 4 5 6 7 8 
A. CONTROL 

I 22.0 16.0 16.3 16.0 15.8 17.6 16.2 17.3 
2 4.8 2.1 t.2 2.0 1.8 1.6 z.% 0.0 
3 12.4 7.6 9.3 9-9 8.3 7.2 7.8 9-7 
4 9.8 7.8 9.8 10.5 6.9 8.6 10.5 6.0 
Total 49.0 $3.5 34-5 38.4 32.8 35,0 35.6 33.0 

B. EXPERIMENTAL 
I 19.4 18.4 18.2 18.2 16.8 19.4 20.8 16.2 
2 4-4 2.3 2.4 2.9 0.7 fe 0.8 0.7 
3 12.2 10.4 9.2 g.I 8.6 0.4 7.5 IT.0 
4 a¢.3 9-5 9.0 10.7 10.8 9.2 10.9 10.3 
Total 47.1 40.6 38.8 40.9 36.9 39-7 40.0 38.2 





Female flies developing from the two types of larvae were collected 
within 12 hours of eclosion and each placed for two days in a vial contain- 
ing about a dozen rucuca males. The largest of the control females and the 
smallest of the experimental group were chosen for this backcross. The 
two day period in a vial with an excess of the rucuca males was found to 
be necessary to insure the fertilization of even a minority of the females. 
At the end of the two days, each female, together with the dozen or so 
males, was transferred to a one-fourth pint milk bottle containing well 
yeasted food, allowed to remain there three days, then transferred to a 
fresh bottle where she was allowed to remain a similar period of time, and 
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so on until eight successful transfers had been effected. From the offspring 
of this back cross the frequency of crossing over between h, th, st, cu, sr, 
and e* during successive periods in the two types of females was deter- 
mined. Only those females were used in the calculation of recombination 
frequencies which began to lay during the first three day period and con- 
tinued to lay during at least six successive periods. Six out of 20 attempted 
control matings and 11 out of 43 matings involving females which had 
developed from partially starved larvae met this condition. 
RESULTS 

Although crossing over was followed between six genes, recombination 
between two of them, ¢/ and st, was so rare that for all practical purposes 
they marked a single locus, and so st will be omitted from further consider- 
ation. The section of the chromosome studied may thus be divided into 
four regions, as shown below: 

I 2 3 4 

h— th Ce—_——-3r 
The offspring of the backcross were classified as to which, if any, of the 
above regions of their maternally derived third chromosome had under- 
gone crossing over. The results are summarized in tables 1 and 2, where 
the data from individual females have been averaged together by periods. 
The total number of flies involved in the two series is 14,088. As is apparent 
from table 1, complementary crossover and non-crossover classes of flies 
were for the most part represented by approximately equal numbers. The 
complementary classes arising from no crossing over (normal and h th cu 
sr e*) and from single crossing over in region 4 (h th cu sr and e*) showed 
the largest deviations from equality. Since such significant viability differ- 
ences between classes as did obtain were the same in the two series, they 
cannot be a factor in any inequality in the amount of crossing over ob- 
served in the two groups. 

Figure 1 summarizes graphically the data of tables 1 and 2. The abscissa 
of this figure is the time axis of the experiment; the ordinate represents the 
observed mean frequency of recombination per chromosome recovered or, 
if the decimal is moved two places to the right, total observed map dis- 
tance between / and e*. The controls showed an initial high in crossing 
over, followed by a sharp drop and irregularly sustained low. The curve 
given by the experimental flies appears to be a “damped” replica of the 
control curve, with a lower initial frequency of recombination but higher 
later values. The general shape of the two curves is remarkably similar, 
even to the minor inflections. From the second to the eighth period there 
is on the average 13 percent more crossing over in the experimental flies 
than in the controls. 
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Two questions at once arise concerning these data. First, of what sig- 
nificance are the differences between successive points on the two curves— 
that is, in this experiment what is the most probable true relation between 
age and crossing over, from which the data obtained represent random 
deviations? Second, are these two curves significantly different from one 
another? 

In order to provide an answer to the first question, two row contingency 
tables were constructed, comparing the frequency and distribution of 
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DAYS AFTER ECLOSION 


FicurE 1.—A comparison of control flies and flies developing from partially starved larvae, 
with respect to the relation between age and the observed mean frequency of recombination in 
the third chromosome. 


crossing over in chromosomes recovered from control flies during successive 
periods. Thus, a comparison was made of the amount of crossing over ob- 
served during the first and second periods, the second and third, the third 
and fourth, etc. The experimental series was treated in the same way. 
A x’ test of the significance of the differences observed between successive 
periods was then applied to each table. The analysis revealed that for both 
series there is a significant difference in the frequency and distribution of 
crossing over during the first two periods. The only other instance where 
such a significant difference was noted is between the fourth and fifth 
periods of control flies. Not only are the successive values observed in the 
latter seven periods not significantly different, with one exception, but also 
no clearly defined trend in the data is apparent. Otherwise put, between 
the fifth and twenty-sixth days of the experiment, the points of the two 
curves shown in figure 1 do not deviate significantly from a straight line 
of zero slope. In the case of the control flies, the straight line which best 
fits the latter seven points would intercept the ordinate at about 0.350, 
while a similar line of fit to the experimental results would cross the ordi- 
nate in the neighborhood of 0.395. In these experiments, then, an initial 
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high in crossing over is quickly followed by a sustained low. Any assump- 
tion of a more complicated relationship seems gratuitous. The relation of 
these findings to the observations of other workers will be discussed in a 
later section of the paper. 


TABLE 3 


Test of the significance of the total difference in frequency and distribution of crossing 
over in control and experimental flies. Details in text. 











PERIOD I 2 3 4 5 6 7 8 TOTALS 
x 4.706 14.958 10.479 11.922 8.216 5.416 2.082 2.928 60.707 
Degrees of 
freedom 7 7 6 6 5 4 4 3 42 
P Or mg <8 <.i <.% -4.g 2.8 <6 <0 > 





We may now consider the second of the two questions raised above— 
namely, what is the probability that the differences between the two series 
are of significance? To answer this, contingency tables similar to those 
described above were prepared, comparing for each period the frequency 
and distribution of crossing over in chromosomes recovered from control 
and experimental flies, and a x” obtained for the difference between the 
two. Table 3 summarizes the results of the analysis. Differences in the 
number of degrees of freedom in the various periods are due to the fact 
that when certain crossover classes were poorly represented (fewer than 
seven individuals), they were combined with adjacent classes in order to 
get significant numbers. It is apparent that for only one of the eight pe- 
riods, the second, are the differences between the two series beyond the 
accepted level of significance. But since both x? and the degrees of freedom 
are additive quantities, they may be totaled and an estimate obtained of 
the significance of the differences observed over the entire course of the 
experiment. When this is done, the probability that crossing over is the 
same in the two series is less than 0.03 but greater than 0.02. 

This method of analysis fails to take into account the consistency of the 
difference between the two series—that is, the uniformly higher rate of 
crossing over in the experimental flies, except for the first period. Our 
previous analysis has shown that between the second and eighth periods 
the two curves approximate straight lines of zero slope. It should therefore 
be permissible, for both the control and experimental series, to combine 
the data of the latter seven periods and set up a single table comparing 
the chromosomes recovered from the two groups from the fifth to the 
twenty-sixth days of the experiment. This treatment is shown in table 4. 
The probability that the two series are not different during this interval 
is, according to this method of analysis, less than 0.01. 
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TABLE 4 


A comparison of crossing over in control and experimental flies, during the fifth to 
twenty-sixth days of adult life. 

















REGION 
SERIES TOTAL 
° I 2 3 4 I I OTHERS 
3 4 
Control 4044 797 81 393 436 81 79 18 5929 
Exp'l 3697 848 99 440 458 95 99 25 5761 
x?= 23.671 Degrees of freedom = 7 P<o.o1 


In view ot the small number of parental flies used in the derivation of 
the curves (six control and 11 experimental females), the possibility 
existed that the differences between controls and experimentals were due 
to the existence in either or both series of one or several aberrant females 
showing recombination frequencies quite different from those found in the 
others. However, analysis of the data for consistency by the usual methods 
employed in the analysis of variance revealed no evidence for a lack of 
homogeneity in either the control or experimental females. 

In the studies dealing with the relation of recombination to age, ex- 
tremes of temperature, and X-rays, it was found that the region of the 
chromosome most susceptible to the effects of these agencies was in the 
vicinity of the centromere (PLOUGH 1917; MULLER 1926; BRIDGES 1929; 
MATHER 1939). Clear cut evidence for a similar localization of effect was 
not found in the present work. During the period of the sustained low, the 
ratio of experimental to control crossing over in the various regions was 
as follows: h-th, 1.121+0.045; th-cu, 1.271+0.171; cu-sr, 1.166+0.063; 
and sr-e’, 1.119+0.065. This grouping of all the data of the latter seven 
periods bearing on crossing over in a given region seems justified, since, as 
is apparent from table 2, during these periods the differences between 
control and experimental results for any given region were rather con- 
sistently in the same direction. All of the ratios are above 1.00, two of the 
four significantly so. The highest ratio is found in the short th-cu region, 
which contains the centromere, but at the same time this ratio differs less 
significantly from unity than any of the others. This may in part be due 
to the statistical methods employed, since there is a relatively larger error 
in the estimation of the length of a small segment than of a large segment. 
Accordingly, too literal emphasis should not be placed upon the compara- 
tive estimates of significance obtained. None of the ratios differs signifi- 
cantly from any of the others. We may therefore conclude that the increase 
in crossing over is well distributed along the length of the chromosome 
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studied, with the possibility of a maximum effect in the region of the 
centromere not excluded. 

Of the possible ways of accounting for this generally distributed increase, 
two are outstanding: (1) a decrease in the interference between adjacent 
points of crossing over, or (2) a general increase in the coefficient of crossing 
over, resulting in proportionately greater numbers of both single and 
multiple exchange chromosomes. These two explanations are not mutually 
exclusive; the observed results may be due to a suitable combination of 
both these factors. If the first possibility obtains to any significant extent, 
then both coincidence values and the proportion of chromosomes which 
are the result of multiple crossing over within any two regions should be 
higher in the experimental than in the control series. Unfortunately for 
the purposes of this experiment, the regions for which it is feasible to cal- 
culate coincidence and the proportion of multiples—namely, regions 1 
and 3, and 1 and 4—are on opposite sides of the centromere, and it is well 
known (and confirmed by these data) that as a rule there is no interference 
between crossing over on opposite sides of this region. A decision between 
the two possibilities is thus not practical on the basis of the material at 
hand. It seems unlikely that decreased interference alone can account for 
the whole of the effect. 

DISCUSSION 


To the list of agencies known to influence the frequency of crossing over 
in Drosophila females should be added still another, the type of larval 
nutrition. However, the detailed effects of nutrition appear to differ from 
those of the other agencies, which in turn differ among themselves. Thus, 
the effects of age, temperature, and irradiation are most strongly apparent 
—or even sharply localized—in the region of the centromere; nutritional 
effects appear to differ from all these in that the increase was observed to 
be more uniformly distributed over the entire section of the chromosome 
under surveillance. KIKKAWA (1934) has stressed the possibility that any 
experimentally produced increase in crossing over in the region near the 
centromere is attended by a compensatory decrease in the more remotely 
situated regions. This possibility also emerged from the earlier irradiation 
experiments of MAvor (1923a, 1923b) and MULLER (1926). The present 
data offer no support to this hypothesis, but it should be pointed out that 
crossing over was not followed in the most distal portions-of the chromo- 
some. The nutritional effects also differ from those of temperature and 
possibly irradiation in that the former persist longer than the latter after 
the cessation of treatment. 

SEREBROVSKY (1927) and BERGNER (1928) have published data indicat- 
ing that the frequency of crossing over is correlated with the length of 
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larval life; the first investigator obtained a negative correlation and the 
latter a positive. A reexamination of their data in the light of the present 
findings suggests that the apparent correlation between the length of the 
larval stage and the frequency of crossing over may be largely or entirely 
due to a mutual dependence of these two phenomena on a third variable, 
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FiGuRE 2.—A graphic comparison of the results of five investigators who have studied the 
relation between age and crossing over in the third chromosome of Drosophila melanogaster. The 
numbers affixed to the various curves refer to the following studies: 


Investigator Region covered 
1. PLOUGH, 1921 S€-SS-€*-10 
2. BRIDGES, 1929, experiment 1 __ru-D-st-p?-ss-e* 
3. BRIDGES, 1929, experiment 2 —_ru’-h-D-st-p?-ss-e* 
4. BERGNER, 1928, control 1 D-cu 
5. BERGNER, 1928, control 2 D-cu 
6. POLITZER, 1940 se-cp-gl?-e”” 
7. NEEL, this paper, controls h-th-cu-sr-e 


a nutritional effect, since the lengthened larval periods in each case were 
due to poor nutritional conditions. It is not apparent why SEREBROVSKY’S 
results should differ in direction from those of BERGNER and the present 
investigator. 

The work of STADLER (1926) and UEHLKERS and his students and col- 
laborators (cf. OEHLKERS 1937) renders it probable that the amount of 
crossing over in plants is likewise influenced by nutritional circumstances. 

The tendency toward increased crossing over under adverse living con- 
ditions is not without adaptive significance to the organism. It would lead 
to a larger number of new factor combinations under just those conditions 
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where it is imperative that the organism explore its genetic potentialities 
to the fullest extent possible. 

Finally, we may turn to a consideration of the relation between age and 
crossing over. This subject has been considered by a number of investiga- 
tors, and particularly by BRipGEs (1929), KIKKAWA (1934), and PoLiTzER 
(1940). These investigators state that the initial high and subsequent de- 
cline in the frequency of crossing over are followed by a second, less pro- 
nounced high, and a second decline—that is, that with increasing age there 
are significant periodic fluctuations in the amount of recombination. In 
figure 2 are summarized graphically the results of five different investiga- 
tors who have studied under standard conditions the relation between age 
and crossing over in some portion of the third chromosome of D. melano- 
gaster. In examining this collection of curves, one is impressed by two 
points: (1) the fact that in all cases but one there is an initial high in the 
frequency of crossing over, followed by a decline, and (2) the considerable 
degree of divergence in the course of the latter, and numerically less relia- 
ble, portions of the curves. An attempt has been made to analyze, insofar 
as it is possible from the published data, the latter portions of all these 
curves with respect to possible significant trends, particularly when they 
are considered in conjunction with one another. This is a rather difficult 
procedure, but it would appear quite probable that if these curves are all 
expressions of the same fundamental relationship, then the nature of that 
relationship in this particular chromosome is an initial high in the fre- 
quency of crossing over, followed by a sustained low. Certainly the “peri- 
odic fluctuations” can at this stage of the analysis be as well attributed to 
the operations of chance and uncontrolled environmental variables as to 
the effect of some inherent physiological rhythm of the female. 

Much of this work was carried out during the summer of 1940 at the 
Department of Genetics, CARNEGIE INSTITUTION OF WASHINGTON, Cold 
Spring Harbor, New York; I am greatly indebted to the members of this 
institution for facilities and suggestions. 


SUMMARY 


The frequency of crossing over in the h-e* region of the third chromo- 
some of Drosophila melanogaster females was significantly increased in flies 
which during the larval stage had been removed from all,food from the 
seventieth hour of egg-larval life until the time of puparium formation 
(development at 26°C). Except for the first few days, this increase in the 
amount of crossing over was consistently apparent throughout the entire 
26 day period that the females were under observation. 

The increase was distributed along the entire portion of the third chro- 
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mosome studied; the possibility of a maximum effect in the region of the 
centromere remains open. 

In both the control and the experimental series, the relation of crossing 
over to age was characterized by an initial high in the frequency of recom 
bination, followed by a sharp decrease and sustained low. 
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INTRODUCTION 


T IS becoming increasingly clear that certain elements in the chromo- 
some complexes of the Drosophilas maintain their identity from species 
to species, though undergoing various changes in their relations to each 
other and in their internal structure (DONALD 1936; STURTEVANT and TAN 
1937; STURTEVANT 1938a, 1940). The terminology for these various ele- 
ments, however, is far from uniform, since several conflicting systems of 
lettering and numbering are in use. The most satisfactory general solution 
of the problem of nomenclature seems to be that suggested by MULLER 
(1940). According to this system the recognizable elements are lettered, 
in the sequence familiar in melanogaster. The X of that species becomes A; 
IIL, B; IIR, C; ITIL, D; ITIR, E; IV, F. It is not expected that this system 
will replace those established by long usage, as in melanogaster, but it is 
strongly recommended that it be applied in those cases where the change 
might more easily be made. Furthermore, arbitrary systems of numbering 
or lettering used to facilitate studies on the genetics and cytology of un- 
explored species should be selected with full appreciation of the ambiguities 
that may arise when the homologies of the various elements become known. 
In those cases where species are so closely related that their salivary 
gland chromosomes show obvious similarities, or that their hybrids can be 
obtained, the task of homologizing the elements is greatly simplified; for all 
other species it is necessary to resort to a comparison of their mutant genes 
with those of species whose elements have been determined. (The term 
“element” seems the most appropriate one for this unit since chromosome, 
arm, and limb have all been used with other connotations.) Since only a 
fraction of the mutants can be regarded as “good” parallels, comparisons 
must be made with caution; on the other hand, the tendency to minimize 
otherwise good homologies which do not appear to be consistent with the 
scheme must be watched carefully. 

It is our purpose in the present paper to extend these homologies as far 
as now seems possible, and to examine critically evidence contrary to the 
working hypothesis that the elements have remained essentially intact. 
The species to be so examined include, among others, affinis, algonquin, 
ananassae, azteca, busckii, funebris, hydei, miranda, montium, pseudo- 
obscura, simulans, virilis, and willistoni. 


GENETICS 26: 517 September 1941 








518 A. H. STURTEVANT AND E. NOVITSKI 
TABLE I 


Com positions of the chromosomes in terms of the elements. 











SPECIES A B Cc D E F AUTHORITY 
melanogaster X IIL IIR IIL IIR IV 
affinis XL IV iil XR II V STURTEVANT 1940 
algonquin XS Cc A XL B D MILLER 1939 
ananassae {x part IIR ITIL IR IIL IV KIKKAWA 1938 

\IV part 

asteca XS ts A XL B D DoszHANSKY and SocoLov 1939 
miranda XL IV X2 XR II V DoszHANSKY and TAN 1936 
pseudoobscura XL IV Ill XR II V LANCEFIELD 1922 
simulans xX IIL IIR IL WIR IV STURTEVANT 1922 
virilis I VI Vv Ill II IV Metz, Moses and MASON 1923 
virilis V II IV I III HEITZ 1934 
virilis xX IV V Ill II VI CHINO 1936 
virilis xX D E c B M HUGHES 1939 





THE AFFINIS GROUP 


The metaphase chromosome configurations of females in this group 
(affinis, algonquin, athabasca, azteca) contain a large pair of V-shaped X 
chromosomes, two pairs of V-shaped autosomes, a pair of rods, and a pair 
of microchromosomes (Metz 1916). The original account (DOBZHANSKY 
in STURTEVANT and DosBzHANSKY 1936) of the salivary gland chromo- 
somes in the members of the affinis group has been confirmed and extended 
by MILLER (1939). The observations of DopzHANsky and Soco.ov (1939) 
on azteca failed to include the longer salivary gland chromosome arm of 
their “C” chromosome, a circumstance that invalidates their conclusion 
that “Some genes found in D. azteca in a single linkage group must belong 
to different ones in D. pseudoobscura; conversely, some genes linked in D. 
pseudoobscura may be expected to be independent in D. azteca.” 

The salivary gland chromosomes of the different members of the affinis 
group are sufficiently similar so that one familiar with any one of these 
species can recognize the homologous elements in any other. [Since there 
is considerable variation in gene sequence within each species, the salivary 
gland chromosomes of interspecific hybrids from strains taken at random 
tend to possess quite remotely related chromosomes. These need not be 
interpreted as interspecific differences, as they have been (BAUER and 
DoBZHANSKY 1937; DOBZHANSKY 1937), for it is possible that identical or 
simply related sequences exist within each species.] The homology of the 
affinis elements being known through a comparison of mutant types 
(STURTEVANT 1949), it was necessary only to correlate the genetic linkage 
groups with the salivary gland chromosomes of this species. XL of pseudo- 
obscura agrees cytologically with the short arm of the X in affinis in having 
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an interstitial heterochromatic region near the base and identical banding 
at the tip. It follows that the longer arms of the X chromosomes of the two. 
species, containing the same genetic material, are homologous. For the 
identification of the genetic autosomes with the arbitrarily lettered salivary 
chromosomes of azteca (DOBZHANSKY and SocoLov 1939) and of algonquin 
(MILLER 1939), a study was made of nine X-ray induced translocations in 
affinis, with the result shown in table 1. From this correlation it is evident 
that both elements B and E have median centromeres, yielding the V-shape 
obvious in two of the metaphase and salivary gland chromosomes. 


D. ANANASSAE 


The metaphase chromosome configuration of ananassae indicates that, 
while the two large autosomes are not unlike those of melanogaster, the 
centromere of the X chromosome has been shifted from a terminal to a 
median position and the dot chromosome has been transformed into a 
small V-shaped chromosome (MEtTz 1916). The nucleolus-forming region 
and the bobbed gene, ordinarily related to the sex chromosomes in other 
species, are associated with the small V-shaped fourth chromosome (Kaur- 
MANN 1937; KIKKAWA 1938). This may have been achieved by a simple 
exchange of centromeres of the dot and X chromosomes, along with ad- 
jacent heterochromatin. If this be the case, the exchange must have oc- 
curred prior to the median shift in the centromere of the X; that this 
sequence is correct is borne out by the cytological observations of Kixk- 
KAWA (1936) on montium, a relative of ananassae, in which the V-shaped 
fourth chromosome is present, but the X chromosome retains its rod shape. 
There are other possible explanations, involving an exchange of the Y and 
fourth chromosome centromeres. 

A number of mutants in ananassae furnish means for comparing its 
chromosomes with those of melanogaster and with the elements. A more 
complete discussion of these mutants and their linkage data can, in general, 
be obtained from the papers of MortwakI (1935, 1938) and KikKAWA 
(1938). Melanogaster mutants with which those of ananassae are compared 
are followed by a symbol showing the limb in which they occur 


The X Chromosome 


Yellow, scute, white, Notch, cut, singed, miniature, dusky, forked, and 
Beadex seem good homologies with the same sex-linked mutants of melano- 
gaster. The terminology for singed and forked may be reversed, as in 
pseudoobscura, but their value is not thereby impaired, since both occur in 
the same element. The close linkage of yellow with scute and of miniature 
with dusky (also found in melanogaster, pseudoobscura, and virilis) adds 
weight to already good comparisons. Vermilion, ordinarily a good parallel 
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between the X chromosomes of two species, lacks the confirmation of a 
feeding or transplantation test. 


Chromosome II 


Cardinal in the left limb of this chromosome corresponds to cardinal 
(IIITR) and can be differentiated from its mimics, scarlet and cinnabar, by 
virtue of its striking change in color with age. Plexate probably represents 
Delta (IIIR), agreeing both in phenotype and in mutability. Off is much 
like Bare of pseudoobscura (element E), although its dominance, its effect 
of clipping and removing the bristles, and the occasional viability of the 
homozygote are not conclusive. Puffed has no homolog in melanogaster. 
but agrees with Puffed in virilis, which has small, reddish, and “inflamed” 
eyes (MorIWAKI 1938). This mutant is located on the second chromosome 
of virilis, which will be shown to correspond to element E. For this reason, 
we believe that the locus of this gene in ananassae, which has not been 
determined because of its association with an inversion, will prove to be 
in the left arm. 

The right limb of this chromosome has no mutants suitable for ho- 
mologies, but it may be concluded that it represents the element associated 
with E in melanogaster—that is, D—since elements B and C are both 
accounted for below. 

Chromosome III 


Plum, in the left limb of chromosome III, is like Plum (IIR) in melano- 
gaster in having a dominant mottled eye color, a recessive lethal effect, and 
an association with an aberration involving heterochromatin (K1kKKAWA 
1938). Furthermore, it produces a mottled white eye color in combination 
with vermilion. This indicates its allelomorphism to brown. 

Gap compares with gap (IIR) in weakening the fourth longitudinal vein 
and in giving the posterior crossvein an oblique direction. This is not con- 
clusive in itself, but serves to confirm the identity of the left limb of the 
third chromosome of ananassae with the right limb of the second chromo- 
some of melanogaster. 

Only one mutant, plexus, has been found on the right limb of this 
chromosome. Since we would expect true plexus to occur in the same limb 
as Plum, we feel that this is in fact net (IIL), one of the most common 
mutant types in other species. 


Chromosome IV 


The fourth linkage group contains a dominant mutant, similar to 
Shaven. This dominant form is not known in melanogaster, but is in simu- 
lans (unpublished data). Haplo-IV individuals correspond quite closely to 
those of melanogaster. The linkage of bobbed with these two has already 
been discussed. 
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From the above homologies, it would seem that the nomenclature for 
the autosomal linkage groups has been reversed with respect to that found 
in melanogaster and, in each case, the significance of left and right as applied 
to the chromosome arms has also been reversed (table 1). 


D. BUSCKII 


The metaphase chromosome configuration here is essentially the same 
as in melanogaster, except for the dot chromosomes which are absent as 
such and may be attached to the X chromosomes as satellites (METz 1916; 
KRIVSHENKO 1939). KRIVSHENKO has obtained a considerable number of 
mutants in this species after treatment with X-radiation. Forked, minia- 
ture, Notch, scute, singed, vermilion, white and yellow, all on the X 
chromosome, may be homologous to the sex-linked mutants in melano- 
gaster. Autosomal dominants resulting from X-ray treatment, the most 
abundant type in KrIVSHENKO’s studies, are usually unsuitable for draw- 
ing comparisons, partly because of their non-specific effects and partly 
because of their frequent association with chromosomal aberrations which 
make linkage studies difficult. One exception in this case is Delta, which 
occurred seven times, once associated with a IIL—IIIL translocation and 
once with a IIL—ITR-IIIR translocation, in each case one of the break 
points occurring in the same region of IIL. This would point to the cor- 
respondence of IIL of busckii with element E. 


D. FUNEBRIS 


The mutants in funebris available for drawing comparisons are generally 
unsatisfactory, both because of their indefinite nature and of their un- 
known linkages, with the exception of a few sex-linked types. Notch cor- 
responds closely to Notch (X) (StURTEVANT 1918). Forked may be either 
forked (X) or singed (X) (MorGaN, BripGEs, and STURTEVANT 1925). 
The similarity of bobbed to bobbed (X, Y) has been pointed out by LuERs 
(1937). STUBBE and VoctT (1940), by transplantation of eye disks, have 
shown vermilion to be homologous to vermilion (X). They have also con- 
firmed the identity of autosomal cinnabar with cinnabar (IIR) by the 
same technique. Radius incompletus bears some resemblances to radius 
incompletus (IIIL) (TimorfeF-REssovsky 1927) and cubitus incompletus 
to cubitus interruptus (IV); but any attempt to elaborate these and other 
possible autosomal homologies seems unprofitable in the absence of linkage 
data. 


D. HYDEI 


Notch, white, vermilion, and bobbed in the X chromosome of hydei 
(CLAUSEN 1923; SPENCER 1927) seem probahle homologs of the same sex- 
linked mutants in melanogaster. For this species in particular and for many 
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others there remains unavailable a considerable body of unpublished in- 
formation, which, as far as we are aware, is not in disharmony with the 
scheme of permanent elements but which, in a great many cases, furnishes 
additional evidence in its favor. 


D. MIRANDA 


The homologies of the salivary chromosomes of miranda with those of 
pseudoobscura have been deduced from studies of their hybrids (Dos- 
ZHANSKY and TAN 1936). Besides a large number of differences between 
homologous elements arising, presumably, from the effects of cumulative 
inversions, DOBZHANSKY and TAN conclude that at least five translocations 
(involving all the chromosomes) have become established between the 
two species. In view of MAcKNiGH?’s criticism (1939) on cytological 
grounds, WrIGHT’s mathematical calculations (1940) for the incorporation 
of one such translocation (see below) and the absence of conclusive evi- 
dence to the contrary, we are forced to conclude that these cases very 
probably do not represent exceptions to the rule of the indivisibility of the 
elements. 

D. MONTIUM 


A number of mutants described by Ostma (1940) provide means for 
drawing parallels between the linkage groups of montium and the elements. 
On the X chromosome, white, Notch, and vermilion compare favorably 
with the similar sex-linked mutants in other species. 

Curled-b (left limb of II) simulates curled (IIIR) by curling the wings 
up and raising and crossing the posterior scutellar bristles. Confluent (left 
limb of II), obtained twice after X-ray treatment, would correspond to 
Delta (IIIR), one of the most frequent of mutants found after raying. 
Hairless, also on chromosome III, agrees with Hairless (IIIR) in its bristle 
and wing vein diminishing effect, in its dominance and in its lethality when 
homozygous. This mutant has not yet been allocated to a definite limb; 
it can be suggested here that it will prove to be on the left limb. 

Curled (left limb of III) and jaunty (IIL) seem good parallels; plexus 
(right limb) would consequently suggest plexus (IIR) rather than net 
(IIL) since it falls on the anticipated element. On this basis, Plexate, lo- 
cated in the middle of chromosome III, would correspond to Plexate (IIR) 
and would be expected to occur on the right limb along with plexus. The 
centromere, therefore, might be expected to fall to the left of Plexate. 

The metaphase chromosomes, reported by K1ikKAWA and PENG (1938), 
suggest that this species may be like ananassae, but with a terminal instead 
of a median centromere in the X. The genetic data do not help in checking 
this supposition. 


fae 
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D. PSEUDOOBSCURA 


The metaphase chromosomes of a pseudoobscura female consist of a pair 
of V-shaped X chromosomes, three pairs of autosomal rods, and a pair of 
dot chromosomes. LANCEFIELD (1922) suggested that a portion of the V- 
shaped X chromosome of pseudoobscura might exist in other species as 
autosomal material. CREw and Lamy (1935) pointed out, among other 
comparisons, that certain mutants in the right arm of the X chromosome 
could be homologized with similar mutants in IIIL of melanogaster, al- 
though this was not immediately obvious from this paper because of the 
authors’ peculiar terminology. The argument that the elements have re- 
mained essentially intact in pseudoobscura as compared with melanogaster 
was applied by DonaLp (1936) who studied more mutants and implied the 
necessary corrections to the work of CrREw and Lamy. STURTEVANT and 
TAN (1937) confirmed and extended the main conclusions, leaving no 
doubt of the identity of the elements in the two species (see table 1). Two 
additions (STURTEVANT and TAN, unpublished) may be made to the in- 
formation published in this latter paper: The order of the loci on the X 
chromosome in the neighborhood of 72 has been shown to be forked, dusky, 
and bobbed, not dusky, forked, and bobbed as surmised before; also the 
distance between compressed and sepia is 30 units rather than the indi- 
cated 7, thereby increasing all loci from sepia to the right end inclusive by 
about 25 units. 

TAN (1935) correlated the salivary gland chromosomes with the genetic 
linkage groups in this species. 


D. SIMULANS 


Since simulans hybridizes with melanogaster, suspected homologies can be 
tested directly by mating the corresponding mutants. Thus ordinarily in- 
secure comparisons become unquestionable. The genetic evidence (STURTE- 
VANT 19214, 1921b, 1929) indicates a close agreement between the limbs 
of the simulans chromosomes and those of melanogaster (table 1). The 
hybrid salivary gland chromosome analyses by PAtavu (1935) and by 
KERKIS (1936) confirmed the homologies of the chromosomes and verified 
the existence of an inverted sequence of genes in the third chromosome, 
the first inversion to be found in Drosophila (STURTEVANT 1921c). The 
more detailed examination by Horton (1939) revealed that as many as 
23 additional intra-chromosomal differences, all very small, may exist be- 
tween the two species. 

Six unpublished corresponding mutant types of simulans may be noted 
here: scute (X, 0), ocelliless (X, 24), javelin (III, 0), radius incompletus 
(III, 58), recessive hairless (III, 61), and dominant Shaven (IV). The sex- 
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linked parallel vermilion (X, 31.8) was reported by STURTEVANT (1932), 
without its locus. All of these have been shown to be allelic to the melano- 
gaster types whose names they bear and which they closely resemble. 


DROSOPHILA VIRILIS 


D. virilis remains the only species in the subgenus Drosophila (StuRTE- 
VANT 1939) with a sufficient array of mutants to make possible homolo- 
gizing all the linkage groups with the elements. The six linkage groups 
agree with the metaphase configuration of five pairs of rods and one pair of 
microchromosomes. MrEtTz, Moses, and Mason (1923) and CHINO (1929, 
1936) have drawn many comparisons of virilis mutants with those of 
melanogaster. Melanogaster mutants are followed by a notation of the 
chromosome limb in which they occur, all others being virilis types. We 
will attempt to evaluate these and, in some cases, make additional sug- 
gestions. 

X Chromosome 


Convincing parallels have been drawn in the cases of yellow, forked, 
singed, glazed (MEvTz, et al.), of crossveinless (WEINSTEIN 1920), of scute, 
white, Notch, miniature, dusky, rudimentary, Beadex, and bobbed 
(Cuno) with the identically-named mutants (except lozenge for glazed) 
in the X chromosome of melanogaster. HOWLAND, GLANCY, and SONNEN- 
BLICK (1937) have established the identity of vermilion of virilis with 
vermilion (X) by the transplantation of eye disks. 

The comparisons of echinus with echinus (X), magenta with ruby (X), 
vesiculated with vesiculated (X), ragged with cut (X), decline with wavy 
(X), apricot with garnet (X), and small bristle with tiny (X) (CHINO) are 
open to doubt, but they do serve as corroborative evidence that the com- 
position of the X chromosome of virilis and melanogaster is essentially the 
same. 

Chromosome II 


Confluent is very probably homologous to Delta (IIIR) (Curno), al- 
though the weaker alleles described by Merz et al. show some discrep- 
ancies. Concave and crumpled (IIIR) constitute one of the most striking 
cases of homology (MEv7z et al.); the case is strengthened by the occurrence 
of similar types in element E of affinis and pseudoobscura. Our examination 
of varnished indicates that it is a good parallel to glass (IIIR). 

It has been suggested that ebony corresponds to ebony (IIIR), brick to 
claret (IIIR), and broken to crossveinless-b (IIIR) or to crossveinless-c 
(IIITR) (Cuno). These are not diagnostic mutants and may be questioned, 
although they do fall in the proper limb. 

Radius incompletus (IIIL) has been compared to both incomplete and 
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detached of virilis (CH1No). From the published figures, it would seem that 
incomplete is quite like radius incompletus (IIIL), but this homology loses 
its force since it is not in the expected element. A similar situation is found 
in the case of lanceolate (see below). 

Thus chromosome II of virilis corresponds to IIIR of melanogaster, or 
element E. 


Chromosome III 


Short veins suggest veinlet (IIIL) (CurnNo) but the comparisons of rose 
with rose (IIIL), spread with dihedral (IIIL), and rolled with rolled (ITIL) 
(CHINO) are less convincing. 

The striking resemblance of hunch to ascute (IIIL) has been pointed out 
(MEvz et al.) but was discarded as a possible homology because a similar 
mutant was sex-linked in D. pseudoobscura. Since it is now known that the 
limb of the X chromosome of pseudoobscura in which this mutant is located 
corresponds to ITIL of melanogaster (DONALD 1936), this can be considered 
a convincing parallel. Telescoped has no homolog in melanogaster, but 
agrees closely with deformed and its allele serrate in willistoni (LANCEFIELD 
and METz 1922) and to compressed in pseudoobscura where it is located in 
element D (StuRTEVANT and TAN 1937). Garnet, like Henna (ITIL), is a 
dominant dark eye color; the only other possible homology would be Plum 
(IIR), which may be eliminated because of its mottling effect and allelism 
to brown (see eosinoid below). 

The evidence favors the correspondence of virilis chromosome III with 
melanogaster IIIL or element D. On this basis, it may be safely predicted 
that cinnabar, after appropriate tests, will prove to be scarlet (IIIL) and 
not cinnabar (IIR). 


Chromosome IV 


Dachsous and dachsous (IIL), Star and Star (IIL) and reduced and re- 
duced (IIL) seem good comparisons (CHINO). Clipped probably represents 
one of the truncate alleles of dumpy (IIL) (Curno). 

However, CuHINOo’s identification of rough-4a with roughish (IIL), black 
with black (IIL), Squat with Squat (IIL) and flipper with pupal (IIL) are 
less convincing. Since the suggested homologs lie in the proper arm, they 
do tend to confirm the correspondence of these limbs. His figure of veinlet 
indicates that it is not veinlet (IITL), as he suggests (see short vein, above), 

Plexus might correspond to either net (IIL) or plexus (IIR). We would 
favor the first alternative since it falls in the proper limb. Lanceolate has 
been compared to lanceolate (IIR). This is one case where a mutant suit- 
able for homologizing does not have an equally good or better comparison 
in the anticipated element. The force of this discrepancy is diminished by 
DoNALD’s observation (1936) that a similar mutant is found in element D 








526 A. H. STURTEVANT AND E. NOVITSKI 


in pseudoobscura, in addition to that found later in element C (STURTEVANT 
and TAN 1937). Also, KIKKAWA (1938) lists two such mutants, lance and 
lanceolate, one on the second, the other on the third chromosome of 
ananassae. 

The bulk of the evidence favors the view that the third chromosome is 
element B. 

Chromosome V 

Eosinoid agrees with brown (IIR) in giving a white eye color in com- 
bination with scarlet or cinnabar (Morr 1937). Vestigial and vestigial 
(IIR) and straw and straw (IIR) seem excellent homologies (CH1No). Com- 
parisons of ruffled with intwined (IIIL), fat with fat (IIL), dachsoid with 
four-jointed (IIL), mahogany with clot (IIL) and with sepia (IIIL), 
Beaded with Beaded (IIIR) and morula with morula (IIR) (CurNno) are 
questionable. Beaded may be compared with Jagged (C) of pseudoobscura. 

Branched might be either net (IIL) or plexus (IIR); the latter seems 
more likely on the basis of the other homologs. For the same reason, we 
believe that scarlet corresponds to cinnabar (IIR) and not to scarlet 
(IIIR) (see cinnabar above). 


Chromosome VI 


The comparison of abdomen rotatum with abdomen rotatum (IV) 
(CHINO) is convincing; Gap, which shortens the fifth longitudinal vein, 
may be questioned as a homolog to cubitus interruptus. To these may be 
added the parallel of stubby with shaven (IV). Thus the dot chromosomes 
of both species are apparently the same. 

As far as the above data can show, the elements have remained essen- 
tially intact. We are therefore reluctant to accept in its entirety CHINO’s 
conclusion that “it seems to be justified to assume that in the evolutional 
course of Drosophila there occurred many inversions, mutual transloca- 
tions, and attachments or fragmentations of all chromosomes.”’ 

Fuji (1936), by means of four translocations and an inversion, has cor- 
related the salivary gland chromosomes with the linkage groups, as in- 
dicated in table 1. 

SPENCER (1940) has described a native American subspecies, virilis 
americana, in which elements D and E are united to form a V; elements A 
and B are also fused, the additional B necessary to the diploid complement 
of the male being present as a single rod (HUGHES 1939; STALKER 1940; 
PATTERSON, STONE, and GRIFFEN 1940). In another subspecies, virilis 
texana, elements B and D have a single centromere (PATTERSON, STONE 
and GRIFFEN 1940). In each case the remaining elements are present as 
rods. 
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D. WILLISTONI 


The X chromosome of this species is V-shaped, as in pseudoobscura, while 
the autosomes are comprised of one V and one rod (LANCEFIELD and MEtTz 
1921). From the metaphase chromosome length relationships, it is clear 
that one of the elements that is autosomal in most species is part of the X 
in willistoni. The homologies of the sex-linked mutants here are conse- 
quently of consideratle interest. 

Yellow has been compared to yellow (X), scute to scute (X), vermilion 
to vermilion (X), stubby to forked (X), triple to bifid (X), forked to singed 
(X) (LANCEFIELD and MErTz 1922; FERRY, LANCEFIELD, and METz 1923). 
In addition, square agrees with rudimentary (X); unpublished data show 
that a newly arisen vermilion (locus in X unknown) lacks the v+ substance, 
as determined by the feeding technique. Deformed and its allele serrate 
correspond quite closely to telescope of virilis (element D) and to com- 
pressed of pseudoobscura (element D) (STURTEVANT and TAN 1937); stump 
compares favorably with radius incompletus (IIIL), and short and veinlet 
(IIIL) seem good parallels. 

The evidence thus indicates that elements A and D have fused to form 
the X in willistoni, as in pseudoobscura. This conclusion is strengthened by 
the distribution of the mutants homologized: all those paralleling element 
A mutants are found on one half of the X (34.5 to 84) while all those 
paralleling element D mutants are on the other half (0 to 34). The genetic 
locus of the centromere on this basis would be between 34 and 34.5. Low 
interference values for this region, as deduced from the crossing over data 
of LANCEFIELD and MErTz (1922) support this hypothesis. 

The autosomal mutants do not yield a satisfactory account of the com- 
position of the V and rod-shaped autosomes. Balloon (chromosome II) has 
been homologized with balloon (IIR) (Ferry, LANCEFIELD, and METz 
1923). Apterous (chromosome II) agrees well with apterous (IIR); both 
remove the wings, reduce the balancers, diminish the number of posterior 
scutellar bristles, deform the thorax, and sterilize both sexes. Clipped and 
Scalloped, both on chromosome II, probably represent the dominant ves- 
tigial deficiencies (IIR). Approximated and dachs (IIL) are close parallels. 
These homologies indicate that the second chromosome of willistoni in- 
cludes elements B and C, as in melanogaster. The location of Knot, which 
bears some resemblances to Delta (IIIR), on the second chromosome casts 
doubt on ‘this conclusion. In either case, however, chromosome II must be 
the autosomal V; this is supported by the slightly greater number of mu- 
tants in IT than in III (11 in II as compared to 8 in ITI). 

Neither the genetic nor the cytological evidence gives a clue as to the 
location of element F in willistoni, but it is to be noted that the salivary 
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gland chromosomes have not yet been studied in this species. The most 
likely place to look for F would appear to be as a short arm on the appar- 
ently rod-shaped chromosome (III, element E?). 


HOMOLOGOUS GENES IN THE VARIOUS SPECIES 


Table 6 lists the homologous genes in the species discussed, to which 
some previously unpublished cases have been added. Unpublished data of 
other workers, available particularly in Drosophila Information Service, 
tend to strengthen the suggested homologies given in the table. 

The occurrence of “sex-ratio” in melanica, a member of the subgenus 
Drosophila, seems worthy of special mention. It has been previously noted 
only in the subgenus Sophophora (obscura, pseudoobscura, affinis, atha- 
basca, and azteca) and in those cases analyzed, is located in element D, 
which is part of the X chromosome. It seems likely, then, that the X of 
melanica is a V, one arm of which is element D. The cytological observa- 
tions of Merz (1916) indicate that a V-shaped chromosome of the required 
size is present, although no identification of the X has been made. 


LENGTHS OF THE ELEMENTS IN THE SALIVARY GLAND NUCLEI 


The percentage each element comprises of the total euchromatic length 
of the salivary gland chromosomes is listed in table 2. These values have 
been derived from the published lengths for ananassae, melanogaster, and 
virilis, from measurements of the published drawings for algonquin and 
azteca, and from a combination of two sets of drawings plus our estimate 
for element D for pseudoobscura. The figure given for element B of azteca 
has been obtained by assuming that it bears the same ratio to the other 
autosomal elements as do the homologous elements in algonquin. 


TABLE 2 
Relative lengths of the elements in the salivary gland nuclei. 











A B C D E AUTHORITY 
algonquin 16.4 18.5 19.7 20.0 25.4 MILLER 1939 
ananassae 19.3 19.1 18.0 18.4 25.1 KIKKAWA 1938 
azteca 15.1 18.8 19.0 21.4 25.8 DosBzHANSKy and SOCOLOV 193¢ 
melanogaster 18.9 18.5 21.0 18.0 23.6 BRIDGES 1935 i 
pseudoobscura 14.0 19.9 16.3 24.0 25.8 TAN 1936; DoBzHANsKy and TAN 1939 
virilis 19-3 19.3 19.5 18.3 23.5 Fuytt 1936 
virilis 19.3 20.1 19.0 18.2 23.4 HUGHES 1939 





Since these lengths are a function of both the elasticity of the chromo- 
somes and the personal equation of the observer, the comparative lengths 
of the homologous elements are quite variable, with one striking exception: 
in every case element E is considerably longer than any of the others. This 
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identification of the longest salivary gland element with element E may 
be of practical value in those instances where the correlation may be im- 
practicable for other reasons. SLIZYNSKA and SLIzyNsKI (1941) report that 
in funebris, one of the elements is considerably longer than any of the 
others; it therefore probably corresponds 'to element E. 

It is also to be noted that element D is about the same length as A when 
it is autosomal, but is distinctly longer in the three species in which it is 
part of the X. It seems clear from the table that the lengths of element A 
and D tend to show a negative correlation with each other. Numerous 
speculations are suggested by these relations, but they can scarcely be 
profitably discussed without more information than is now available. 


SEQUENCE OF CORRESPONDING GENES IN DIFFERENT SPECIES 


In general there is little similarity in the sequence of corresponding loci 
within each element, except when such closely related species as melano- 
gaster and simulans are compared. In discussing melanogaster and pseudo- 
obscura, STURTEVANT and TAN (1937) state: “The mathematical properties 
of series of letters subjected to the operation of successive inversions do 
not appear to have been worked out, so that we are so far unable to present 
a detailed analysis. It does appear, however, that the five arms (taken 
together) are definitely more alike in the two species than could result 
from chance alone.” These statements now require some modification. 

With the help of Pror. MorGAN WARD, a beginning has been made in 
the study of the mathematical consequences of successive inversions. Com- 
plete catalogs have been prepared, showing all the possible different ar- 
rangements of 2, 3, 4, 5, and 6 loci, respectively, together with the mini- 
mum number of successive inversions required to change each arrangement 
into a single arbitrarily chosen one. Actually, numbers were used, and the 
required arbitrary sequence was the ordinal one (1, 2, 3, 4, etc.). Table 3 
shows the mean number of inversions required, together with the standard 
deviations for the respective populations. 


TABLE 3 


Mean number of inversions required to transform random arrangements 
of numbers into ordinal series. 











NUMBER OF LOCI MEAN STANDARD DEVIATION 

I ° ° 

2 500 «50 

3 1.167 -69 

4 1.750 -66 

5 2.392 -70 

6 3.036 -71 

8 4-367+ .092 -71+.06 

9 4-975+.13 -82+ .09 
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In the cases where more than six loci were involved, it became imprac- 
ticable to make complete catalogs. Accordingly, for the two rows shown 
(eight and nine loci), random series of numbers (60 and 40 sequences, re- 
spectively) were chosen, and for each such sequence there was determined 
the minimum number of successive inversions required to reduce it to the 
ordinal sequence chosen as “standard.” For numbers of loci above nine 
the determination of this minimum number proved too laborious, and too 
uncertain, to be carried out. 

The table as it stands, however, gives a solution that seems safe to use 
for any numbers of corresponding loci likely to be encountered in such 
studies as these, since a plot of the values shows that there is an approxi- 
mately linear relation between the number of loci considered and the 
average number of inversions required to reduce to ordinal sequence. For 
each additional locus considered, there is an increase of about .64 in the 
average number of inversions required. The curve is more irregular near 
its point of origin; and the values are exact up to six loci. Accordingly, for 
values above six it seems safest to start with the value 3.036 (for 6) and 
add to it .64(n —6), where n is the number of loci concerned. 

The standard deviations shown in the table give a less regular curve 
when plotted, but it is clear that they are increasing only slowly. It may 
probably be assumed that ¢ will not be greater than 1 for values up to 
n=15—beyond which it is unlikely that the present problem will require 
a solution for many years. This means that the spread is not great—in 
other words, that any random sequence is unlikely to require a number of 
inversions much different from the calculated one. If a number much less 
is in fact encountered, it may be concluded that there is a significant degree 
of resemblance. This method has been applied to the sequence differences 
between melanogaster and pseudoobscura, with the result shown in table 4. 
Evidently the two species are not more alike than could easily result from 
chance alone. 


TABLE 4 


Comparison of the required and calculated numbers of inversions to change the 
melanogaster into the pseudoobscura sequences. 





ELEMENT A B : D E TOTAL 





Loci 13 6 6 6 7 
Inversions required 7 2 4 3 3 19 
Inversions calculated 7.6 3-0 3-0 3.0 5.9 20.3 





In any series of successive loci, each locus has two neighbors, and each 
of these may be either “right” or “wrong”—that is, may or may not be 
one that lies adjacent to the given locus in the arbitrarily chosen standard 
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ordinal sequence. For a terminal locus there is only one adjacent locus, but 
the terminal position itself may be taken as constituting a “connection” 
and then may be treated in the same way, a “right connection” here mean- 
ing that the terminal locus is not only terminal in the chosen standard 
sequence but also lies at the same end (proximal or distal). There are then 
n+1 “connections” in any sequence of n loci. It may be shown that in any 
series of random arrangements the average number of “right” connections 
is two, regardless of the value of n. It is also evident that any single in- 
version changes two and only two connections, since it has two ends, each 
of which must fall in a connection. These two relations are very helpful in 
working out the consequences of successive inversions. The conception of 
“right connections,” however, is responsible for the incorrect conclusion 
drawn by StuRTEVANT and TAN. One of the right connections appearing 
in their comparison has now disappeared, as a result of the revision of the 
pseudoobscura sequence recorded above (it may be noted that this revision 
does not change the number of inversions required to transform one se- 
quence into the other). The result now is that there are 13 “right” con- 
nections (that is, identical in the two species) where ten are expected (two 
in each of the five elements) on chance alone. The difference is probably 
not a significant one. 

This analysis does not take into account the distances concerned—a 
connection may be assumed to be like in two elements regardless of the 
amount of crossing over shown. Thus, in element B, jaunty and hook are 
adjacent in the series of corresponding genes both in melanogaster and in 
pseudoobscura; but the crossover values are 5.2 and 23.1, respectively. In 
such a case, it is probable that further corresponding loci will show that 
the sequence resemblance is an accidental one. For certain pairs of loci 
that lie quite close together, the situation is different, as may now be 
shown. 

Yellow and scute are quite near each other in melanogaster, simulans, 
pseudoobscura, virilis, ananassae, and willistoni; they are separated by 
other loci in affinis. (Unpublished data of Dr. W. P. SPENCER indicate that 
they are also separated in Aydei.) Notch and white are from one to four 
units apart in melanogaster, simulans (Notch is not known here, but facet 
serves to identify its locus), ananassae, montium, hydei, virilis, and pseudo- 
obscura. Miniature and dusky give few if any crossovers in melanogaster, 
ananassae, pseudoobscura, and virilis. It may be noted that these are all 
short distances, not only in terms of crossing over, but also in terms of the 
salivary gland chromosome maps of melanogaster, which is the only species 
for which element A is adequately known in the salivary glands. 

It may be concluded that inversions with end-points falling within these 
short sections have not become established during the differentiation of 
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these species, except for those between yellow and scute in affinis and in 
hydei. It may be observed that all three sections appear to exist intact in 
both of the subgenera studied, since virilis and hydei belong to Drosophila 
while all the other forms named are members of the subgenus Sophophora. 
Evidently, then, these sections represent associations of loci that have 
been in their present conditions for a very long period of time. 


DISCUSSION 


The essential argument showing the improbability of the incorporation 
of a translocation into a population has been published a number of times 
and has been prevalent in genetic thought since an earlier date; neverthe- 
less, it seems opportune to recapitulate it briefly here, with specific refer- 
ence to the Drosophilas. 

Translocations have been observed to occur spontaneously under labora- 
tory conditions (all the Drosophila translocations discovered prior to the 
advent of the X-ray technique fall in this category) and, in the few cases 
mentioned below, have been found in natural populations. It seems not 
unreasonable to assume therefore that they continually arise in nature 
with some very low frequency. Once having arisen, such a translocation 
would exist in the heterozygous state and thereafter chiefly in the heterozy- 
gous rather than homozygous state. The extensive studies on such re- 
arrangements in Drosophila have amply demonstrated the selective dis- 
advantage which their heterozygotes must suffer as a consequence of their 
production of unbalanced gametes. Thus a certain number of translocated 
chromosomes along with a number of normal chromosomes is lost in every 
generation; the percentage loss of the former may be considerable because 
of its low total frequency, whereas the percentage loss of the latter is 
usually insignificant. In this way selection discriminates against the less 
prevalent arrangement, progressively decreasing its frequency until it is 
wiped out. 

It follows that the sole opportunity for a translocation to become estab- 
lished lies in its attaining a percentage frequency sufficiently great so that 
the discrimination of selection is not adequately expressed before chance 
changes the ratio of the frequencies in favor of the newer arrangement, 
whereupon the original is eliminated. A high percentage frequency can be 
reached only when the total number of chromosomes is low—that is, when 
the population size (N) is small. Furthermore, the population size must be 
small for chance to upset the ratio of the two arrangements in favor of the 
newer type. 

For reciprocal translocations in which only the completely balanced 
types survive, WRIGHT (1940) has shown that fixation is difficult unless 
N is very low. Certain types of translocations might be expected not to 
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encounter such drastic adverse selection, by virtue of the viability and 
fertility of individuals possessing an unbalanced (that is, heterozygous for a 
duplication or a deficiency or both) complement of chromosomes (STURTE- 
VANT 1938b). The effect of this condition is to decrease the selection 
against the new arrangement and so to increase the maximum population 
size into which it might be incorporated. PROFESSOR WRIGHT has given us 
his kind permission to present here some more exact probabilities which he 
has calculated as an extension to his previous statements (WRIGHT 1940). 
For a translocation whose unbalanced products are completely inviable, 
the probabilities of fixation are of the order of 10~* if N=10, 2X10~° if 
N=20, and 3X10“ if N=50. In the most favorable case, when the 
heterozygous unbalanced products are both viable and fertile (only the 
homozygous deficiencies being eliminated), the probabilities are roughly 
3X10 in populations of 20, 4 X10~* in populations of 50, and 3 X10~” 
in populations of 100. For the case of a small insertional translocation 
whose homozygous duplication product is not always accompanied by a 
homozygous deficiency and consequently may be viable and fertile, the 
probabilities must be somewhat greater than those given for the last case. 
Nevertheless, they are still very small and cannot greatly increase the 
maximum values indicated for N in the last case. 

The various factors involved in the incorporation of a translocation into 
a population may be summarized as follows: 

1. The translocation must occur in at least one of the individuals of a 
subpopulation. As N becomes smaller, the probability of this event be- 
comes smaller, the relation being an approximately linear one. 

2. The translocation must become incorporated into the whole sub- 
population. N must be very small (see figures above); as N increases, the 
probability decreases rapidly. 

3. The subpopulation must not become extinct. As the value of N in- 
creases, the probability that the subpopulation will survive increases. 

4. The translocation must maintain itself in the descendants of the sub- 
population, in competition with normal chromosomes that may be intro- 
duced by interbreeding with other subpopulations. As N increases, this 
probability also increases, since each introduced chromosome has a smaller 
effect on the composition of the subpopulation. 

The third factor might be omitted, since it could be treated merely as 
decreasing the total number of subpopulations concerned. It is included 
here to emphasize the point that, if there is variability in the size of the 
subpopulations, the smaller ones are more likely to become extinct than 
the larger ones. 

The final probability of the establishment of a translocation is the 
product of the four probabilities just enumerated. The first, third, and 
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fourth components increase with an increase in N, the second decreases 
very rapidly with an increase in N. The result is that the product of the 
four must always be very small. The only situation in which the establish- 
ment of a translocation seems likely to occur with any considerable fre- 
quency—even if a long period of time be assumed—is that in which her- 
maphroditic individuals frequently self-fertilize—that is, when there are 
many subpopulations in which N = 1. It would thus seem desirable to have 
suspected cases of translocation in Drosophila supported by more con- 
clusive evidence than has been considered necessary in the past. 

For a translocation to be observed in a natural population, it must be 
found in the relatively short interval between its origin and its elimination. 
It seems significant that, despite the extensive genetic and cytological 
analyses of natural populations of Drosophila, not one translocation has 
been reported. 

In the grasshopper Trimerotropis, CAROTHERS (1931) found a single 
individual heterozygous for a translocation among fifteen specimens from 
one locality. A more substantial case from the population standpoint is 
that reported by WHITE (1940). In 1934 he found a specimen of the grass- 
hopper Metrioptera heterozygous for a translocation and in 1937 recog- 
nized the same translocation in some more individuals from the same 
locality. We are not familiar with the genetic properties of this transloca- 
tion, with the statistical data for this case, or with the population me- 
chanics of this genus; it therefore seems unwise to discuss the situation 
further. 

Among hermaphroditic plants there are many instances of translocations 
that have become established. Here, however, the population size may 
frequently reach the theoretical minimum value of one and remain essen- 
tially that for several generations. 

A class of “neutral” translocations which might be expected to give 
non-random segregation in the heterozygote includes those found in virilis 
americana and virilis texana, where two elements, ordinarily separate, have 
fused near the centromere. Such a fusion would seem likely to result, in the 
heterozygote, in almost completely regular disjunction of the individual 
rods from their attached homologs. If, in this particular case, there is some 
slight irregularity in disjunction, it would seem to be more than compen- 
sated for by the small sizes of the populations in which these two subspecies 
are found (PATTERSON, STONE, and GRIFFEN 1940). 

RHOADES (1940) has demonstrated the instability inherent in a telo- 
centric chromosome in maize; both the X and fourth chromosomes of 
melanogaster, once considered to have terminal centromeres, have been 
shown to have two arms (KAUFMANN 1934; GRIFFEN and STONE 1939, 
1940). The view of NAWASCHIN (1916) and Lewitsky (1931) that telo- 
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centric chromosomes do not exist is considerably strengthened. On this 
basis, apparent rods in Drosophila have a minute heterochromatic second 
arm. This arm would then serve as an anchor on which another element, 
less its centromere, could become attached by translocation, forming a V. 

The reverse change, the formation of two rods from a V, demands an 
additional centromere. STURTEVANT and TAN (1937) suggest that “perhaps 
the spindle attachment of the Y chromosome is somehow utilized, since 
the properties of this chromosome allow it to be present as an extra or a 
fragment without damage to the organism.’”’ Means are thus provided for 
increasing the chromosome number. The one clear instance where such an 
increase has occurred, in obscura Gershenson, involves the breakage of a 
V-shaped element into two rods. 

From the genetic data and metaphase chromosome configurations in 
melanogaster, willistoni, immigrans, virilis, and pseudoobscura, it is apparent 
that they all differ in the associations of their elements. Regardless of the 
metaphase chromosome configuration that may be assumed ancestral to 
that of all the Drosophilas, both fusion and fragmentation must have taken 
place. Although not in complete agreement with the systematic relation- 
ships, perhaps the simplest interpretation is that the ancestral type cor- 
responded to the virilis configuration, five pairs of rods and a pair of dots. 
With slight modifications, mostly in the distribution of heterochromatin, 
this is the most common in the subgenus Drosophila. All other types can 
be derived by simple fusions of elements and changes in the positions of the 
centromeres within the elements by inversions, with the exception of ob- 
scura Gershenson and ananassae, as noted above. Within virilis itself, a 
single translocation of this kind has evidently given rise to the configura- 
tion found in subspecies fexana; and two translocations from the texana 
arrangement have produced that of subspecies americana. The sequences 
found within the elements are in agreement with this conclusion (PATTER- 
SON, STONE, and GRIFFEN 1940). 

It seems clear that, in general, decrease in chromosome number is more 
easily brought about than is increase. Accordingly lower chromosome 
numbers may be regarded as probably (though not necessarily in every 
case) more recent than higher numbers. This conclusion will hold, however, 
only in forms—such as Drosophila—in which chromosomes frequently 
have nearly terminal centromeres, with one arm made up of heterochro- 
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A NOTE ON THE RELATIONS BETWEEN THE 


SPECIES GROUPS OF SOPHOPHORA 
It was suggested by StuRTEVANT (1940) that the willistoni (AD, BC, 


EF) and melanogaster (A, BC, DE, F) chromosome configurations have 
been derived from the type now found in pseudoobscura (AD, B, C, E, F). 
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If this be so, the first event was probably the union of elements B and C, 
to give a hypothetical arrangement AD, BC, E, F. From this, a union of 
E and F presumably gave the willistoni type, while a translocation between 
AD and E gave the melanogaster one. 

The hypothetical arrangement, which seems likely to have existed even 
if the sequence of events was different from that outlined above, has not 
been reported. In the absence of the identification of the X, it would be 
listed as the melanogaster type; accordingly we have been led to examine 
the descriptions of the phenotypic characters of the few Sophophoras for 
which such a report exists. One of them, D. suzukii, turns out in fact to be 
intermediate between the melanogaster and obscura species groups, as 
shown in table 5. We are inclined to surmise that this species (recorded by 
KIKKAWA and PENG (1938) from Japan and China) will be found to have 
the hypothetical configuration. 

TABLE 5 
Comparison of some phenotypic characters of the melanogaster and 
obscura species groups and D. suzukii. 











— COSTAL 4TH VEIN SECOND MIDDLE 
COL 

INDEX INDEX ORAL ORBITAL 
melanogaster group yellow I.2-2.2 2.2-2.7 long short 
suzukii yellow 4.0* 3.2 long long 
obscura group black 2.7-3.0 r.7-2.1 short long 








* The description given by KrkKAwA and PENG lists the costal index as 4.0; their illustration 
(Plate 32) suggests that this is perhaps a misprint for 3.0, which would make suzukii fal] within 
the range of variation of the obscura species group. 


THE EFFECT OF PERICENTRIC INVERSION ON THE ELEMENTS 

None of the changes discussed above interferes with the integrity of the 
elements. There remains, however, one mechanism which may exchange 
genic material from one element to another. If two elements are united to 
form a V, an inversion across the centromere (pericentric) will shift genes 
from one to the other, and vice versa. Heterozygotes for this type of inver- 
sion are at a selective disadvantage because single crossovers within the 
inverted section produce inviable duplication-deficiency zygotes, thus lead- 
ing to a situation similar to that of translocations. However, if crossing over 
be hampered, either by the nature of the inversion or by the presence of a 
crossover suppressor, the new arrangement may become established in the 
population. The products of a subséquent separation of these two limbs 
will simulate the effects of a reciprocal translocation. 

MILLER (1939) has recorded such an inversion in algonquin, occurring 
with a high frequency in eight out of nine localities studied between Que- 
bec, Canada, and Wooster, Ohio. In this case, only one element (E) was 
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TABLE 6 


Summary of the corresponding mutant types in the different species. 








ELEMENT A 





meianogaster simulans  pseudoobscura 





affinis virilis ananassae other species 
yellow yellow yellow yellow yellow yellow busckii, willistoni 
scute scute scutellar scute scute scute busckii, takahashii, willistoni 
prune prune 
white white white white white white busckii, hydei, montium 
facet facet 
Notch Notch Notch Notch busckii, funebris, hydei, 
echinus echinus echinus? [montium 
bifid willistoni (triple) 
ruby ruby magenta? 
crossveinless crossveinless crossveinless 
vesiculated _-vesiculated vesiculated? 
cut cut beaded cut ragged? cut 
singed singed forked singed singed? busckii, willistoni (forked) 
ocelliless ocelliless 
lozenge lozenge glazed glazed, rugose (montium? willistoni 


vermilion vermilion vermilion vermilion vermilion vermilion? busckii? funebris, hydei? 























miniature miniature miniature miniature miniature busckii, takahaskii 
dusky dusky dusky dusky dusky algonquin 
garnet garnet apricot? 
rudimentary rudimentary rudimentary willistoni (square) 
forked forked singed forked forked? busckii, funebris? willistoni 
Beadex Pointed Beadex Beadex [(stubby) 
fused fused 
bobbed bobbed bobbed bobbed bobbed onchrom.1V sAydei, funebris 

ELEMENT B 
melanogaster simulans  pseudoobscura affinis virilis ananassae other species 
dachsous dachsous 
net tangled net plexus plexus 
Star Rough Star 
Curly Curly 
dumpy Truncate truncate Clipped 
dachs willistoni (approximated) 
abrupt incomplete 
black black black? 
jaunty jaunty jaunty montium (curled) 
reduced reduced 
hook hook 

ELEMENT C 
melanogaster simulans  pseudoobscura affinis virilis ananassae other species 
straw straw straw straw 
apterous willistoni 
cinnabar orange cinnabar scarlet? athabasca, algonquin, funebris 
vestigial vestigial-nick Jagged vestigial willistoni (Clipped, Scalloped) 
gap gap 
curved curved 
arc arc 
plexus plexus branched? montium 
brown purple eosinoid 
Plum Plum 
lanceolate narrow narrow 

polychaete _ polychaete, 
Scute 


le Dds 
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ELEMENT D 
melanogaster simulans  pseudoobscura ajfinis virilis ananassae other species 
veinlet short veinlet short veins willistoni (short) 
javelin javelin slender 
Henna Garnet 
sepia sepia sepia 
hairy hairy 
tilt tilt tilt 
scarlet scarlet scarlet scarlet cinnabar? 
ascute ascute ascute hunch 
r.incompletus r.incompletus snapt willistoni (stump) 
compressed telescoped willistoni (deformed, serrate) 
sex-ratio sex-ratio athabasca, azteca, melanica, 
obscura 
ELEMENT E 
melanogaster simulans pseudoobscura affinis virilis ananassae other species 
pink peach pink, claret? pinkish, 
claret? 
curled upturned montium (curled-b) 
Stubble Stubble 
bithorax bithorax bithorax athabasca 
aristapedia aristapedia aristapedia 
glass glass varnished 
Delta Delta Smoky Delta Confluent, 
Delta Plexate busckii, montium (Confluent) 
Hairless hairless funebris, montium 
cardinal cinnabar cardinal azteca 
crumpled crumpled crumpled concave 
claret claret claret, pink? pinkish, 
claret? brick? 
Bare Off? 
pauciseta pauciseta 
Puffed Puffed 
ELEMENT F 
melanogaster simulans  pseudoobscura affinis virilis ananassae other species 
abdomen abdomen abdomen 
rotatum rotatum rotatum 
grooveless grooveless 
shaven Shaven reduced? stubby Shaven 
Minute-4 Minute-4 





involved (this element being a V in this species), and another associated 
inversion acted as a crossover suppressor. The fact that this inversion has 
been found to have a high frequency makes more probable the occurrence 
of similar inversions in other species where a V is composed of two different 
elements. 

It is self-evident that the scheme of the integrity of the elements must 
break down for the more distantly related species of the Diptera. Where 
this will first happen is not clear. The common metaphase chromosome con- 
figuration among the higher Diptera has six chromosomes; whether these 
are the Drosophila elements with a few alterations or whether they repre- 
sent quite different gene combinations can be answered only after a more 
thorough analysis of their genetics is made. 
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SUMMARY 

The six chromosome arms of D. melanogaster (X, IIL, IIR, ITIL, IIR, 
IV) retain their essential identity among the species of Drosophila so far 
studied. They are here called “elements” and are designated by the letters 
A to F in the order just stated. 

The corresponding mutant genes on which this conclusion is based are 
summarized in table 6 of this paper; and the relation of the letter designa- 
tions to the various chromosome terminologies previously used is sum- 
marized in table 1. 

Element E is consistently the longest of the six, when studied in the 
salivary gland chromosomes; element F is always very short. The others 
are so nearly the same in size that their lengths are not diagnostic. 

Analysis of the mathematical properties of sequences subjected to re- 
peated inversions indicates that, in the specific case of melanogaster and 
pseudoobscura, the sequences are not significantly more alike than might 
result from chance. 

Three pairs of loci—yellow and scute, Notch and white, miniature and 
dusky—apparently represent sections which have remained intact over a 
long period, since the two members of each pair are associated in numerous 
species and in representatives of both subgenera studied. Yellow and scute 
are separated, however, in affinis and in hydei. 

The conclusion that the elements remain intact within the group means 
that few or no translocations have become established in the history of 
these two subgenera. Analysis of the conditions necessary for such estab- 
lishment leads to the conclusion that the supposed instances of its occur- 
rence as between species are not adequately established—with the excep- 
tion of the attachment of part of element A to element F in ananassae. 

The various ways in which the elements are attached to each other may 
be supposed to result from a special type of translocation in which both 
breaks occur in heterochromatin near the centromeres. Under the condi- 
tions found in most Drosophila species, this type of translocation more 
easily decreases chromosome number than increases it. It may be surmised 
that the configuration found in virilis (where all six elements are separate) 
is the most primitive one among those yet analyzed in Drosophila. 
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INTRODUCTION 


HE evidence to be presented in this paper supports the supposition 

that some recessive mutants in maize are caused by homozygous 
minute deficiencies. A method by which homozygous minute deficiencies 
may be produced in maize has been presented in a previous publication 
(McCLINTOCK 1938).-It is related to the aberrant mitotic behavior of 
ring-shaped chromosomes. It has been shown both in maize and Nicotiana 
(Strno 1940; R. E. CLAUSEN unpublished) that a chromosome in the form 
of a ring does not maintain itself unaltered through successive nuclear cy- 
cles. The details of this behavior have been presented in the two mentioned 
papers. They may be summarized briefly as follows: (1) Ring-shaped 
chromosomes may decrease in size by loss of segments of chromatin from 
the ring. (2) Ring chromosomes may increase in size by duplications of seg- 
ments of chromatin composing the ring. (3) Ring chromosomes may be 
completely eliminated from sister telophase nuclei during a mitotic cycle. 
(4) The frequency of these occurrences depends upon the length of the 
chromonema composing the ring—the larger the ring chromosome, the 
more frequent the aberrant mitotic behavior. In maize, aberrant mitotic 
configurations producing alterations or elimination of the ring chromo- 
somes may occur in 17 to 20 percent of all the division figures if the chro- 
monema composing the ring is as long as that of the longest chromosome of 
the complement. If the ring chromosome is small—for example, composed 
of only four chromomeres—the aberrant mitotic configurations are very 
infrequent and may occur only once in every five or six hundred divisions. 
In all other nuclear divisions the ring chromosome behavior is normal; 
the two sister halves of the ring chromosome separate freely and pass to 
opposite poles of the spindle figure along with the rod chromosomes of the 
complement. 

When aberrant configurations are produced by large ring-shaped chro- 
mosomes, the chromatin content of the ring chromosome usually is altered 
in each resulting sister telophase nucleus. Only rarely is the ring chromo- 
some lost to one or both sister telophase nuclei. In contrast, aberrant mi- 
totic configurations produced by small ring-shaped chromosomes usually 
result in total loss of the ring-shaped chromosome from both sister telo- 
phase nuclei. Only rarely do the telophase nuclei receive altered ring- 
shaped chromosomes. 
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The method by which ring-shaped chromosomes are lost to nuclei or 
become altered has been described previously (McCLintock 1938). It may 
be outlined briefly as follows. At some mitotic prophases the two sister 
halves of a divided ring chromosome form a continuous double-sized ring 
chromosome instead of two freely separating ring chromosomes (Prophase, 
fig. 1). It is not known whether this results from the method of reduplica- 
tion of the chromonema composing the ring chromosome or from a somatic 
crossover between the two sister chromatids subsequent to this reduplica- 
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DESCRIPTIONS OF TEXT FIGURES 


FicurE 1.—Diagram illustrating a method by which a ring chromosome becomes altered in 
chromatin constitution. Upper left: a ring chromosome in a resting nucleus. The clear oval repre- 
sents the centromere. The individual parts of the ring chromosome are designated by the numerals. 
Upper middle: A prophase configuration following a “crossover” between the two sister chromatids 
of the divided ring chromosome. A dicentric, double-sized ring chromosome is produced. Upper 
right: Appearance of the dicentric ring chromosome in the following anaphase. Breakage of the 
chromatin strands between the centromeres may occur at any position. Three possible positions, 
a, b, and c, respectively, are indicated by the dash lines. The resulting broken strands at late 
anaphase and the new ring chromosomes formed at telophase by fusions of broken ends of these 
strands are diagrammed below in the bracketed figures for the breaks a, b, and c, respectively. 
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tion. At early anaphase, the two centromeres which are present in this 
double-sized ring chromosome move toward opposite poles of the spindle 
figure (Anaphase, fig. 1). The subsequent behavior in the spindle figure de- 
pends on the size of the ring chromosome. The ring chromosomes used in the 
investigations to be described in this paper were small. Therefore, the follow- 
ing description will be confined to their behavior. With such small double- 
sized ring chromosomes, continued movement of the centromeres is usu- 
ally suspended and the double-sized ring chromosome remains in the region 
of the equatorial plate during anaphase. It is consequently eliminated from 
both sister telophase nuclei. Very occasionally, however, the strands of 
chromatin between the two centromeres become broken, and a segment of 
the double-sized ring chromosome enters each telophase nucleus. Fusion 
occurs between the broken ends of the segment. Consequently, a newly 
organized ring-shaped chromosome is produced in each of these telophase 
nuclei. Illustrations of several types of ring chromosomes which may be 
produced following breakage of a double-sized, two-centromere ring 
chromosome are given in figure 1. It will be seen that ring chromosomes 
with duplicated segments or ring chromosomes with deficient segments 
may be produced by this process. In either case, the size of the segment 
may be minute or relatively large. Although aberrant mitotic configura- 
tions, which could result in loss or change in size of the ring-shaped chromo- 
somes, are relatively infrequent, it has been found that the frequency of 
loss of the ring-shaped chromosome from both telophase nuclei is consid- 
erably greater than the frequency of breakage of the ring chromosome with 
inclusion of broken segments in each of the sister telophase nuclei. This re- 
lationship is of considerable importance in the study to be described. 

A simple method of obtaining sectors of a plant or even whole plants 
which are homozygous deficient for a small segment of a chromosome may 
be outlined as follows. It is necessary to have a rod-shaped chromosome 
from which a relatively short segment has been deleted and a ring-shaped 
chromosome composed of the chromatin deleted from the rod-shaped 
chromosome. The deficient rod chromosome plus the compensating ring- 
shaped chromosome are thus equivalent in chromatin content to a single 
normal rod chromosome. (See Df-1 and R-1; Df-2 and R-z2, fig. 2.) Union 
of two gametes, each with a complete genomic complement but possessing 
the deficient rod chromosome and its compensating ring chromosome (in- 
stead of the normal rod chromosome), could give rise to plants with two 
homologous deficient rod chromosomes and two homologous compensating 
ring chromosomes. However, because of their small size, the ring chromo- 
somes would frequently be lost to telophase nuclei following the formation 
of aberrant mitotic configurations. Thus, in the development of such 
plants, some nuclei would contain only a single ring chromosome following 
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loss of one of the ring chromosomes, During subsequent multiplication of 
such cells, an aberrant configuration could eliminate the second ring chro- 
mosome. Thus, cells would be produced whose nuclei have no chromatin 
segment covering the deficiency in the rod chromsomes. These cells would 
be homozygous deficient for the full extent of the deficiency in the rod 
chromosomes. (For this preliminary presentation, it may be assumed that 
these cells are inviable or incapable of further multiplication.) Very occa- 
sionally, however, an aberrant mitotic configuration of a ring chromosome 
would result not in loss but in a changed composition of the ring chromo- 
some as illustrated in figure 1. If, during development of the sporophytic 
tissues, one of the ring chromosomes becomes reduced in size by loss of a 
minute segment and subsequently, the second ring chromosome is lost to a 
cell at a mitotic anaphase, all the cells arising from this latter cell could be 
homozygous deficient for a minute segment—the segment which had previ- 
ously been deleted from the remaining ring chromosome. When the loss of 
a minute amount of genic substance results in a change in the genotype 
which is neither cell lethal nor interferes greatly with the capacity of such 
cells to multiply, a sector of tissue could be formed with a visibly modified 
phenotype. Minute deletions of different segments of the ring chromosome 
could be produced following such aberrant mitoses. In one plant an aber- 
rant mitosis might result in the deletion of one particular segment from the 
ring chromosome. In another plant, an aberrant mitosis might result in 
the deletion of an entirely different segment. Thus, tissues homozygous 
deficient for different segments within the limits of the deficiency in the 
rod-chromosomes could be produced. If, when homozygous, each minute 
deficiency results in a particular type of visible modification of the tissue, 
a number of different and distinguishable types of mutant sectorials 
should be produced in these plants, each of which should be associated 
with loss of a particular segment from the ring. Furthermore, sectors show- 
ing identical characters should arise independently in a number of different 
plants if sufficient numbers of plants are available for observation. This is 
because a double-sized dicentric ring chromosome (fig. 1) could be broken 
at the same position on a number of independent occasions resulting in the 
production of altered ring chromosomes from which the same segment has 
been deleted. 

If two adjacent segments, each of which when homozygous deficient 
produces a mutant character, are simultaneously deleted from the ring 
chromosome during an aberrant mitosis, a compound mutant sectorial 
should be formed showing the characters caused by each deficiency—that 
is, comparable to a condition of homozygosity for two recessive mutants. 
If a mutant sector in a plant is included in the inflorescence, gametes could 
be formed containing the deficient rod chromosome plus the deficient ring 
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chromosome. Fusion of two such gametes could give rise to plants which 
are homozygous for the minute deficiency and thus homozygous for the 
phenotypic expression which it induces. In such a way, altered ring chro- 
mosomes may be isolated. 
TABLE I 

The appearance of the tissues of plants with two deficient rod chromosomes and two compensating 
ring chromosomes, Ring 1 and Ring 2, columns one and two, respectively. N represents a ring chromo- 
some whose chromatin completely covers the deficiency in the rod chromosomes. a, b, and c represent 
ring chromosomes with minute deficiencies; each deficiency, when homozygous, gives rise to the 
phenotypic character a, b, and c, respectively. a b and b c represent ring chromosomes with two 
such minute deficiencies which, when homozygous, give rise to the compound mutant a b and b c, 
respectively. The appearance of the tissues when both rings are present is shown in column 3. The + 
indicates normal, non-mutant tissues. In columns 4 and 5 the phenotypic appearance of the tissues 


following somatic loss of Ring 1 and Ring 2, respectively, is indicated. 








APPEARANCE OF APPEARANCE OF APPEARANCE OF 
RING I RING 2 TISSUES WHEN TISSUES FOLLOW- TISSUES FOLLOW- 
BOTH RINGS ARE ING LOSS OF ING LOSS OF 
PRESENT RING I RING 2 
N N + + + 
N a + a + 
N b + b + 
N c + c oe 
N ab + ab oo 
N be + be - 
a b a b a 
a c + c a 
a ab a ab a 
a be + be a 
b Cc + c b 
b ab b ab b 
b be b be b 
c ac Cc ac c 
c be c be c 
ab be b be ab 





The meaning of simple and compound mutants produced by altered 
ring chromosomes is important for an understanding of the logic of this 
paper. Therefore, a table has been prepared (table 1) to illustrate this 
meaning. Assume three adjacent segments in the ring chromosome each 
of which when homozygous deficient results in the characters a, b, and c, 
respectively. If, in individual plants, altered ring chromosomes are iso- 
lated with the simple deficiency mutants a, b, and c, respectively, and the 
compound mutants a b and b ¢, respectively, combinations of each of 
these altered rings with a normal ring chromcsome or with any other al- 
tered ring chromosome may be made and should give predictable results. 
These are shown in the table along with the characters of the tissues which 
would be formed following mitotic loss of one or the other of the ring chro- 
mosomes, respectively. 
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It is the purpose of this paper to describe the types of simple and com- 
pound mutants which arise in plants possessing two homologous deficient 
rod-shaped chromosomes and one or more compensating ring-shaped 
chromosomes and to summarize the evidence which indicates that they are 
caused by homozygous minute deficiencies. 


TWO CASES OF DEFICIENT ROD CHROMOSOMES PLUS COMPENSATING 
RING CHROMOSOMES 
Two cases of deficient rod chromosomes with compensating ring chromo- 
somes were available for this study. (For a complete description of their 
origin and behavior, see MCCLINTOCK 1938). In both cases, segments of the 
short arm of chromosome 5 adjacent to the centromere were involved. The 
two cases are illustrated in figure 2. In the diagram, the numbers 1 to g in 
the normal chromosome 5 (first line in diagram) represent the positions of 
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FIGURE 2.—The upper figure is a diagram of a normal chromosome 5s. The clear oval represents 
the centromere. The region adjacent to the centromere in the short arm is designated by the 
numerals 1 to 9. The middle figure represents a rod-shaped chromosome 5 deficient for the seg- 
ments 1 to 4 (the Df-1 rod-chromosome). The dotted line represents the extent of the deficiency. 
To the right of this deficient rod chromosome, a ring chromosome is diagrammed possessing the 
segment which has been deleted from the rod chromosome (R-1). In a similar manner, the Df-2 
rod chromosome and its compensating ring chromosome have been diagrammed. 


the first nine chromomeres adjacent to the centromere. The rod chromosome, 
Df-1, is deficient for the four chromomeres adjacent to the centromere. Its 
compensating ring chromosome (R-1) possesses these four chromomeres 
(four chromomere ring below arrow, fig. E, Plate 1). The Df-2 rod chromo- 
some (fig. 2) is deficient for these same four chromomeres plus the next five 
chromomeres. The R-2 ring chromosome possesses these nine chromomeres 
(fig. A, Plate 1; lower arrow, fig. B and G 1, Plate 1). It should be noted 
that the R-1 ring chromosome does not cover the deficiency in the Df-2 
chromosome but the R-2 ring chromosome does cover the deficiency in the 
Df-1 chromosome. The transmission through gametes of the two deficient 
rod chromosomes without compensating ring chromosomes or with one or 
more ring chromosomes is given in table 2. 

The types of plants most used in this investigation and the types of tis- 
sues which result from loss of the ring chromosome during development in 
these plants are summarized in table 3. In all cases, the tissues are normal 
when a single ring chromosome is present (either R-1 or R-2) covering the 
deficiency in the rod chromosomes. Tissues homozygous deficient for 








548 BARBARA McCLINTOCK 














TABLE 2 
Transmissions through gametes of the deficient rod chromosomes without ring chromosomes or with 

various ring chromosomes. + represents transmission; — represents non-transmission. 

THROUGH Q THROUGH 
Df-1 + _ 
Df-1 plus R-1 + +* 
Df-1 plus R-2 + +* 
Df-1 plus R-1 plus R-2 + +* 
Df-2 - - 
Df-2 plus R-1 _ - 
Df-2 plus R-2 + + 
Df-2 plus R-1 plus R-2 + + 





* In a previous publication (McCLINTOCK 1938) it was shown that Df-1 was not transmitted 
through the pollen even when the deficiency was covered by a ring chromosome. Since this 
publication, a strain was obtained which will transmit the Df-1 chromosome through the pollen 
when a covering ring chromosome is present. 


chromomeres 1 to 9 are completely inviable; tissues homozygous deficient 
for chromomeres 5 to 9 are likewise inviable. In contrast, the tissues which 
are homozygous deficient for chromomeres 1 to 4 are viable, but the growth 
capacity of these cells is very poor. Only very minute sectors of such hcmo- 
zygous deficient tissues are found. (See McCLInTOcK 1938, text fig. 31-38 
and this paper, a, fig. 3.) The cells in these sectors are small. The lignified 
walls of cells with a full genomic complement are white, but the walls of 
cells homozygous deficient for chromomeres 1 to 4 are brown in color. There 
are no well developed plastids in these cells; therefore, the tissues of the 
leaf and stalk which are homozygous deficient for chromomeres 1 to 4 a7e 
not green and contrast strikingly with non-deficient tissues which are 
green. On exposure to direct sunlight, these cells soon die, and the 








FIGURE 3.—a. Photograph of a part of a leaf of a Df-1/Df-2 plant with ring chromosomes R-1 
and R-2. A sector showing the character of the blotch mutant is evident slightly to the right of 
the letter a. The wide band to the left of this letter is the mid-rib. The continuous parallel fine lines 
are the veins of the leaf. The shorter, narrower lines between these veins are the sectors of tissue 
homozygous deficient for regions 1 to 4 of chromosome 5 which arise following somatic loss of 
both the R-1 and the R-2 ring chromosomes. b. Photograph of part of a leaf of a Df-2/Df-2 plant 
with a two ring chromosomes, a normal R-2 ring and the brown-blotch-dries J ring. Two sectors 
showing the blotch character are visible to the right and left of the mid-rib, respectively. The 
photograph was taken before the tissue had commenced to disintegrate and dry. c. Similar to b. 
A wide sector showing the mutant character blotch-dries is present at each edge of the leaf. The 
disintegration and drying process has commenced at the outer edge of each sector. d. Leaves from 
plants of the constitution Df-1/Df-2 plus one R-2 ring chromosome. Note the solid (non-varie- 
gated) sector of mutant tissue (pink) in each leaf. 

FiGuRE 4.—Appearance of a young Df-2/Df-2 plant with two R-2 ring chromosomes, a normal 
R-2 ring and the brown-pink J ring. The plant is variegated for the compound mutant character 
brown and pink (white sectors in the photograph). These sectors arise following somatic loss of 
the normal R-2 ring. 
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TABLE 3 
Viability of tissues following somatic loss of ring chromosomes. 
+, normal. —, very poor growth. o, inviable. 








APPEARANCE OF TISSUES FOLLOWING 
SOMATIC LOSS OF RING CHROMOSOMES 


CHROMOSOME CONSTITUTION 











OF PLANTS 
APPEARANCE OF INDICATED IN THE COLUMNS 
TISSUES WITH 
a — COMPLETE 1 R-1 1 R-1 
: : COMPLEMENT 1 R-1 2 R-1 1 R-2 2R-2 plus plus 
ROD-CHROMOSOME CHROMOSOMES 
1 R-2 2 R-2 
Df-1/Df-1 1 R-1 _ _ 
Df-1/Df-1 2 R-1 “- 
Df-1/Df-2 1 R-2 os _ 
Df-1/Df-2 1 R-1 plus 1 R-2 a i - 
Df-1/Df-2 2 R-2 oT 
Df-2/Df-2 2 R-2 ~ + ° 
Df-2/Df-2 1 R-1 plus 2 R-2 oe + + ° + ° 








DESCRIPTION OF FIGURES FOR THE PLATE 


All photographs are of pachytene configurations in microsporocytes. All magnifications are 
approximately 1100 X except D 2, E 2, and G 2, which are approximately 2750. 

Ficure A.—Synaptic association of two R-2 ring chromosomes. 

Ficure B.—The lower arrow points to a collapsed normal R-2 ring. The upper arrow points 
to a collapsed brown-pink JJ ring chromosome which is approximately double the size of the nor- 
mal R-2 ring. 

Ficure C.—Two collapsed ring chromosomes associated at their centromeres. The arrow 
points to the associated centromeres. The normal R-2 ring is below the arrow. Above is the re- 
duced ring chromosome which produces the brown J phenotype. 

Ficure D 1.—Two collapsed ring chromosomes associated at their centromeres. The arrow 
points to the associated centromeres. The normal four chromomere R-1 ring (above) is slighily 
out of focus. The ring below the arrow is a reduced R-2 ring composed of seven chromomeres. 
Tt gives mse to the brown-pink JV phenotype. D 2. Enlargement of the same. 

Ficure E 1.—Two ring chromosomes associated at their centromeres. The arrow points to the 
associated centromeres. The normal, four chromomere R-1 ring lies below the arrow. An R-2 ring 
reduced to three chromomeres lies above the arrow. This latter ring gives rise to the brown-blotch- 
dries J] phenotype. E 2. Enlargement of the same. 

Ficures F and H.—The arrows point to the collapsed ring chromosomes in two sister cells of a 
Df-1/Df-2 plant with one R-2 ring chromosome. All surrounding cells possessed a normal R-2 
ring. In one of these sister cells, fig. F, the R-2 ring chromosome was enlarged. In the other cell, 
fig. H, the R-2 ring chromosome was reduced to two chromomeres. In chromatin constitution the 
two rings are equivalent to two normal R-2 ring chromosomes. 

Ficure G 1.—A collapsed normal R-2 ring chromosome (lower arrow) and an R-2 ring chromo- 
some reduced to two chromomeres (upper arrow). This latter ring chromosome gives rise to the 
compound mutant brown-light green-poor growth. G 2. Enlargement of the same showing this 
latter reduced ring chromosome. 

FrcurE I.—The arrow points to the collapsed double-sized R-2 ring chromosome which gives 
rise to the brown-pink JJ phenotype. 

FicurE J.—Pachytene configuration in a plant with three ring chromosome. A collapsed nor- 
mal R-2 ring lies to the left. A normal R-1 ring lies immediately above it. The arrow points to the 
reduced R-2 ring chromosome which produces the brown-light green-poor growth phenotype. 
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tissue disintegrates and dries. Because cells and tissues completely defi- 
cient for these four chromomeres not only are viable but also show pheno- 
typic modifications, it is expected that tissues deficient for segments within 
this region would not only be viable, but could have much better growth 
rates and might show specific characters. 

Studies of somatic mitosis have shown that the larger of the two ring 
chromosomes (R-2) produces a double-sized, dicentric ring chromosome 
(Prophase, fig. 1) approximately once in every hundred nuclear divisions. 
All of the other nuclear divisions are completely normal; the ring chromo- 
some divides normally, the two free sister halves pass to opposite poles 
along with the rod chromosomes. In nearly all cases, when a double-sized 
ring chromosome is formed at prophase, it remains in the region of the 
equatorial plate during anaphase and telophase and is thus completely 
eliminated from the sister telophase nuclei. Very occasionally, however, a 
double-sized dicentric R-2 ring chromosome becomes broken at anaphase, 
and a segment of the broken double-sized ring chromosome enters each 
sister telophase nucleus. In both telophase nuclei fusion of broken ends oc- 
curs, reestablishing a ring-shaped chromosome, but the content of the ring- 
shaped chromosome is usually altered. Similar studies of the smaller ring 
chromosome (R-1) have shown that aberrant anaphase behavior occurs 
approximately once in every 600 nuclear divisions. In this case, due to its 
small size, the ring chromosome is nearly always lost to the sister telo- 
phase nuclei. Only rarely have altered R-1 rings been detected. The altera- 
tions in the chromatin content of the ring chromosomes to be described in 
this paper involve the R-2 ring. 


DETECTION OF ALTERED RING-SHAPED CHROMOSOMES BY MEANS OF 
MUTANT SECTORS IN THE DF-1/DF-1, DF-1/DF-2 
AND DF-2/DF-2 PLANTS 


As stated in the previous section, alterations of the R-2 ring are consid- 
erably more frequent than alterations of the R-1 ring. Consequently, 
plants with one or two R-2 rings have shown the greatest number of de- 
tectable alterations. The plants most suitable for this study have had the 
following constitutions: Df-1/D-2 plus one R-2 ring; Df-1/Df-2 plus two 
R-2 rings; Df-2/Df-2 plus two R-2 rings. 

In plants of the constitution Df-1/Df-2 plus one R-2 ring, a solid sector 
of modified tissue should appear following an alteration in the ring chromo- 
some which produces a visible change in the character of the tissues. The 
size of the sector would depend upon when the altered ring chromosome 
arises in the development of the plant and the subsequent rate of growthof 
the cells possessing this ring. If the alteration occurred in a single nuclear 
division early in the development of the plant, a wide mutant sector could 
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result. If it occurred in a nuclear division late in development, only a small 
mutant sector would be produced. In Df-1/Df-2 plants with two ring 
chromosomes (either one R-1 plus one R-2 or two R-2) or in Df-2/Df-2 
plus two R-2 rings, both solid sectors and sectors which are variegated for 
the mutant characters should be produced. The solid sectors should arise 
in the tissues of the plant which have only a single ring chromosome— 
that is, subsequent to a mitotic loss of one of the ring chromosomes. An 
alteration in the remaining ring chromosome could give a solid sector with 
a modified appearance. Variegated mutant sectors should arise when two 
rings are initially present in the tissue, one of which has become altered in 
an earlier mitotic division. When the two rings are present, a deficiency in 
the altered ring chromosome would be covered by the presence of this seg- 
ment in the normal ring chromosome. No character caused by the defi- 
ciency in the altered ring chromosome could appear until after the normal 
ring chromosome has become lost in a later nuclear division. All the cells 
which arise from a cell which has lost the normal ring chromosome would 
be able to show the mutant character associated with the deficiency in the 
altered ring chromosome. Since loss of the normal ring chromosome should 
occur independently in a number of cells, a sector which is variegated for 
the mutant character should be produced. The appearance of a solid sector 
in a plant with a single ring chromosome is illustrated in a and d of figure 
3; the appearance of variegated sectors in two-ring plants is illustrated in 
b and c of figure 3 and in figure 4. 

If a particular mutant character is associated with loss of a particular re- 
gion from the ring chromosome—that is, if the character is produced by a 
homozygous minute deficiency—only a restricted number of mutant char- 
acters should appear in the Df-1/Df-1 and Df-1/Df-2 plants. The segment 
within which homozygous deficiencies may be detected is only four chro- 
momeres long (fig. 2). If this theory is correct, the same mutant charac- 
ters which appear in the Df-1/Df-1 and Df-1/Df-2 plants should likewise 
appear in the Df-2/Df-2 plants because homozygous deficiencies within 
regions 1 to 4 (chromomeres 1 to 4, fig. 2) may be produced in all three 
types of plants. However, other mutants which are not found in the 
Df-1/Df-1 and Df-1/Df-2 plants should be present in the Df-2/Df-2 
plants. These characters should be related to homozygous deficiencies 
within the region 5 to 9 (chromomeres 5 to 9, fig. 2). Such mutant characters 
should not appear in the Df-1/Df-1 or Df-1/Df-2 plants because the Df-1 
chromosome possesses chromomeres 5 to 9, and thus no homozygous de- 
ficiencies can be produced within this region following aberrations of the 
ring chromosome. These anticipations have been completely fulfilled. Since 
the altered ring chromosomes may be isolated following the formation of 
gametes with a deficient rod chromosome and an altered ring chromosome, 
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it has been possible to conduct tests which show that a certain group of char- 
acters is associated with region 1 to 4 and another group of characters 
with region 5 to 9. 

The frequency of mutant sectors is greater in the Df-1/Df-2 plants 
with one or two R-2 rings than in the Df-2/Df-2 plus two R-2 rings. The 
evidence, which is conclusive but which cannot be considered here because 
of limitations in space, indicates that this is due to changes in the R-2 
ring chromosomes which have deleted rather large segments from the ring. 
In a Df-2/Df-2 plant, the cells with such large homozygous deficiencies are 
either inviable or produce tissues with such poor growth rates that they 
are not suitable for precise character studies. However, removal of a large 
segment from the R-2 ring in a Df-1/Df-2 plant may result in quite viable 
tissues with readily identifiable mutant characters. As an example, re- 
moval of region 4 to 8 in the R-2 ring in a Df-2/Df-2 plant would result 
in cells homozygous deficient for this region. These cells are inviable. In 
a Df-1/Df-2 plant, only region 4 could be homozygous deficient because 
the segment 5 to 8 covering the deficiency in the ring chromosome is pre- 
sent in the Df-1 rod chromosome. 

Considering the number of mitoses taking place in the development of a 
plant, the occurrence of an abnormal mitosis which results in an altered 
ring chromosome is extremely rare. Once an altered ring chromosome has 
been isolated, it can be maintained unchanged through as many plant gen- 
erations as desired by avoiding those plants in which this ring chromosome 
has again become altered. There are relatively few such plants. 


MUTANT CHARACTERS ASSOCIATED WITH REGION I TO 4 OF CHROMOSOME 5 


As stated previously, tissues which are homozygous deficient for the seg- 
ments 1 to 4 of chromosome 5—the full extent of the deficiency in the Df-1 
rod chromosome—are capable of multiplication but at a very slow rate. 
Consequently, only minute visible sectors are produced following com- 
plete loss of the ring chromosomes in Df-1/Df-1 or Df-1/Df-2 plants. The 
mutant characters shown by these homozygous deficient tissues are: 
brown cell walls, colorless plastids, very poor growth capacity, and dis- 
integration and drying of the tissue when exposed to direct sunlight. It is 
to be expected that deficiencies for minute segments within this region 
should be viable. They may possess very much better growth capacities 
and could show mutant characters. Thus, relatively wide sectors showing 
mutant characters associated with a minute homozygous deficiency within 
region 1 to 4 might be produced in these plants. In the Df-1/Df-1 or 
Df-1/Df-2 plants, all the mutant characters observed as sectorials 
should be related to changes within region 1 to 4 of chromosome 5. In the 
Df-2/Df-2 plants, these same types of mutant characters should appear 
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plus additional mutant characters which are not found in the former types 
of plants. These latter mutants should be related to changes within region 
5 to 9g. 

The various types of mutant characters having a clearly recognizable 
phenotypic expression which have appeared as sectorials in all three types 
of plants—that is, those mutants associated with region 1 to 4 of chromo- 
some 5—have been divided into three groups: (1) Those which show a 
single recognizable character in the mutant sector (simple mutants); the 
tissue may have a normal growth rate. (2) Those which exhibit two or 
more of these characters in a single sector (compound mutants); the tis- 
sues may have a normal growth rate. (3) Sectors with distinct mutant char- 
acters. These sectors are always narrow—that is, associated with a reduced 
growth rate of the cells of the sector; many of these are recognizable as 
compound mutants. 

The simple mutants to be described involve some obvious color change. 
Although other mutants would be expected and are probably present, 
their positive detection as sectorials in these plants is both difficult and 
uncertain. Therefore no attempt was made to isolate mutants which did 
not produce an unmistakable character change which could express itself 
as a sector in a plant. The color mutants belong to the unmistakable class. 


Group 1. Simple mutants which may have a normal growth rate 
Brown cell walls 


The lignified cell walls are brown in color. This character is similar in all 
details to the character produced by the recessive mutant brown mid-rib 
(symbol, bm) previously located within the region 1 to 4 of anormal rod 
chromosome 5. Henceforth the character will be designated as brown. The 
normal R-1 and R-2 rings are known to carry the dominant allele of bm 
(Bm colorless cell walls). (For a complete description of the bm phenotype 
and proof of the presence of bm in the normal ring chromosomes, see Mc- 
CLINTOCK 1938.) Three different ring chromosomes producing the brown 
phenotype have been isolated. Two appear to be normal in size and could 
not be distinguished from normal R-2 rings. Either ring will produce the 
brown character in Df-1/Df-1, Df-1/Df-2 or Df-2/Df-2 plants. The third 
brown ring is reduced to six chromomeres (upper collapsed ring, fig. c, 
Plate 1). When this ring is present, brown will appear only in Df-1/Df-1 or 
Df-1/Df-2 plants. In Df-2/Df-2 plants the cells which have only this ring 
are inviable. In this case, the three chromomere deficiency in the ring chro- 
mosome probably includes a segment of region 5 to 9 which could express 
itself as a homozygous deficiency only in the Df-2/Df-2 plants. As ex- 
plained previously, in the Df-1/Df-1 or Df-1/Df-2 plants, the cells with 
only this reduced ring chromosome might possess only a minute homo- 
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zygous deficiency and thus be quite viable. This would explain the differ- 
ence in viability of the cells possessing only this ring in the three types of 
plants. 
Pink 

Chlorophyll is absent although plastids are present. In the stalk, the 
number of layers of cells from the outer circle of bundles to the epidermis 
frequently is greater in the pink sectors than in the non-modified parts of 
the plant. Consequently, the pink sector produces a protuberance. On the 
stalk and in the upper leaves of the growing plant, the color is an intense 
salmon pink. As the leaves mature, the pink color gradually fades to white. 
Two ring chromosomes giving rise to the pink phenotype have been iso- 
lated, but the constitution of only one of these rings has been investigated 
cytologically. It is an R-2 ring with no clearly observable change in chro- 
matin constitution. It produces the pink phenotype in either a Df-1/Df-1, 
a Df-1/Df-2 or a Df-2/Df-2 plant. 


Blotch 
The chlorophyll pattern is finely speckled (a, fig. 3). No ring chromosome 
producing a blotch character associated with a good growth capacity 
has been isolated so far, although a large number of such sectorials have 
been observed in both Df-1/Df-2 and Df-2/Df-2 plants. Several ring chro- 
mosomes producing blotch but associated with poor growth capacities 
have been isolated. None of these has been investigated extensively. 


Blotch-dries 

This character is similar to blotch although the chlorophyll color usually 
is less intense. In the young leaf, the character is first detected as a light 
green sector. The blotch pattern of the chlorophyll is acquired as the leaf 
matures. After a short time, the cells in the sector which have been exposed 
to direct sunlight begin to disintegrate. Finally, the whole sector so exposed 
becomes a mass of dead, dried tissue (see b and c, fig. 3). Two ring chromo- 
somes producing blotch-dries have been isolated recently. Neither has 
been sufficiently investigated as yet. 


Group 2. Compound mutants which may have normal growth rates 
Brown-pink 
Many sectors showing the combined characters of brown and pink have 
been observed in all three types of plants. Four different ring chromosomes 
producing this compound character have been isolated. One is an obvi- 
ously reduced R-2 ring chromosome composed of seven chromomeres 
(lower collapsed ring, fig. D, Plate 1). Two are slightly reduced R-2 rings, 
and one is an enlarged R-2 ring, approximately double the size of the nor- 
mal R-2 ring (collapsed ring, upper arrow, fig. B and fig I, Plate 1). The 
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brown-pink character produced by the seven-chromomere ring appears 
only in the Df-1/Df-1 or Df-1/Df-2 plants. In the Df-2/Df-2 plants, the 
cells with only this ring chromosome are inviable. The other three ring 
chromosomes will produce the brown-pink character when present in either 
a Df-1/Df-1, a Df-1/Df-2, or in a Df-2/Df-2 plant. 


Brown-pink-dries 
At the initial stage, the sectors showing this compound mutant charac- 
ter are strictly comparable to the compound mutant brown-pink. However, 
as in blotch-dries, on exposure to sunlight, the cells die and the tissue dries. 
These sectors appear in both Df-1/Df-2 and Df-2/Df-2 plants. Several 
rings causing this compound mutant character have been isolated, but 
none has been investigated fully. 


Brown-blotch-dries 

The sectors exhibiting this compound mutant are identical in appearance 
and behavior to the blotch-dries sectors described above. In addition, how- 
ever, the lignified cell walls are brown. Two ring chromosomes producing 
this compound mutant have been isolated. One is a slightly enlarged R-2 
ring. The other is a much reduced ring chromosome composed of only 
three chromomeres (ring above arrow, fig. E, Plate 1). When the former 
ring chromosome is present, the character will appear in either a Df-1/Df-2 
or a Df-2/Df-2 plant. When the latter ring is present, the compound 
mutant character will appear only in a Df-1/Df-1 or a Df-1/Df-2 plant. 
In the Df-2/Df-2 plants, the cells which possess only this ring chromosome 
are inviable—probably because of the six chromomere deficiency. 


Group 3. Compound mutants whose growth rates 
are considerably reduced 
Brown-pink-dries-poor growth 

The sectors showing this group of characters are similar in appearance to 
the compound mutant brown-pink-dries of group 2. However, the growth 
rate of the mutant tissues is always considerably reduced. Thus, only nar- 
row sectors are formed. Three rings producing this compound mutation 
have been isolated, but only one has been sufficiently studied. It is a 
slightly reduced R-2 ring. The character which this ring produces is ex- 
actly the same in the Df-1/Df-1, Df-1/Df-2, and Df-2/Df-2 plants. Thus, 
the phenotypic modification which this ring chromosome induces is prob- 
ably restricted to a segment within region 1 to 4 of chromosome 5. 


Light green-poor growth 


The chlorophyll color in these sectors is a light green, but the growth 
rate of the cells is so reduced that sectors are not wider than 3 or 4 mm. 
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Only one ring chromosome producing this character has been isolated. It 
possesses only two chromomeres. Thus, the character associated with this 
ring appears only in the Df-1/Df-1 and Df-1/Df-2 plants. It does not ap- 
pear in the Df-2/Df-2 plants due to the extensive deficiency producing in- 
viability in the cells possessing only this ring. 


Brown-light green-poor growth 


Sectors showing this character are similar in appearance to those de- 
scribed above. In addition, the lignified cell walls are brown. Only one ring 
chromosome giving rise to this compound mutant has been isolated. It 
possesses two chromomeres (upper arrow, fig. G 1 and enlargement, fig. 
G 2, Plate 1). Due to the extensive deficiency in this ring chromosome, the 
characters associated with this ring appear only in Df-1/Df-1 or Df-1/Df-2 
plants. 

Many sectors exhibiting very poor growth capacities associated with a 
blotched chlorophyll pattern or with colorless tissues, either with or with- 
out brown, have been observed in the Df-1/Df-1, Df-1/Df-2, and Df-2/Df-2 
plants. No attempt has been made to isolate the rings responsible for such 
characters because of the impracticability of work with characters having 
such poor growth rates. 


MUTANT CHARACTERS ASSOCIATED WITH REGION 
5 TO 9 OF CHROMOSOME 5 


The mutant characters which may be associated with alterations in the 
R-2 chromosome within region 5 to g are those which do not appear in the 
Df-1/Df-1 or Df-1/Df-2 plants but appear only in the Df-2/Df-2 plants. 
It is difficult to obtain sufficient seed for an extensive investigation of the 
types of mutants appearing in this latter type of plant. Only one to several 
kernels are likely to occur on an ear of a Df-2/Df-2 plant, since the Df-2 
chromosome is not transmitted through the female gametophyte without 
the compensating R-2 ring chromosome. During meiosis, the R-2 rings are 
so frequently eliminated that few megaspores are formed possessing this 
ring, and thus few seed may develop. Among the several thousands of 
plants which have been examined, a number of mutant sectorials have been 
observed. Many of these are related to changes in region 1 to 4 of the R-2 
ring chromosome. Only a few clear-cut mutants have been observed which 
may be related to changes within region 5 to 9. In these plants, many mu- 
tant sectorials are composed of tissues which grow too poorly to be useful 
for character studies. No attempt has been made to isolate the changed 
rings responsible for the mutations with very poor growth rates. When a 
whole plant or half of a plant was variegated for such a character, a cyto- 
logical study was made to determine the types of ring chromosomes which 
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were present. In all examined cases, one of the ring chromosomes was de- 
cidedly reduced. Following loss of the normal ring chromosome to some 
cells during development, a relatively large homozygous deficiency had to 
be present. If these cells reproduce at a very reduced rate, only very 
narrow sectors of homozygous deficient tissue could be formed. The pres- 
ence of a reduced ring in all examined plants showing variegated sectors 
with considerably reduced growth rates leads one to suspect that the cells 
of these sectors possess only the reduced ring chromosomes—that is, they 
are homozygous deficient for the segment which had been deleted from the 
ring chromosome. 

Of the mutants which possess a good growth capacity, only three have 
been found which may be ascribed to region 5 to 9; and up to the present 
time, only two of these have been proven to be in this region. These mu- 
tants are: 

Pale green 

The chlorophyll color in the leaves and the stalk is a pale green. The pale 
green character does not develop in the very young plants but becomes 
very striking in the older plants. The growth rate of this tissue is usually 
quite normal. Only one pale green ring has been isolated. No obvious 
change in the chromatin constitution of this R-2 ring was observed. 

Striate 

The sectors showing this character are composed of streaks of yellow- 
green tissues. Only one ring chromosome has been isolated which produces 
this character. This R-2 ring is slightly reduced. A gamete with the Df-2 
rod chromosome and the R-2 striate ring chromosome is transmitted 
through the female gametophyte but not through the pollen. The location 
of the character within region 5 to 9 has been determined by use of a third 
deficiency rod chromosome (Df-3) possessing a small deficiency located 


within the limits of region 5 to 9. Striate appears when the striate ring 
chromosome is present in Df-2/Df-3 plants. 


White 

Sectors with a chalk white color have been observed in the Df-2/Df-2 
plants but ring chromosomes producing white have not been isolated as 
yet. Since similar sectors have not been observed in many thousands of 
Df-1/Df-2 plants, it is assumed, although not proven, that this character 
is related to an alteration within region 5 to 9. 

The pale green ring is the only one of this series which has been exten- 
sively investigated. It is not related to striate, since the pale green charac- 
ter does not appear in Df-2/Df-3 plants, whereas striate does appear in 
these plants. The following tests have shown that the pale green character 
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is related to region 5 to 9 and not to region 1 to 4 of chromosome 5. Follow- 
ing isolation of the pale green ring, plants were obtained with the constitu- 
tion Df-1/Df-2 plus the pale green ring. These plants were indistinguish- 
able from those of a similar constitution but having a normal R-2 ring. Thus, 
pale green does not appear in a Df-1 background. The functional male 
gametes produced by these plants possess the Df-2 rod chromosome plus 
the pale green ring chromosome. When pollen of such plants was placed on 
silks of plants of the constitution Df-2/Df-2 plus two normal R-2 ring chro- 
mosomes, all the resulting individuals (Df-2/Df-2 plus one normal R-2 
ring plus the pale green R-2 ring) were variegated for pale green. The varie- 
gation arose as a consequence of the mitotic losses of the normal R-2 ring 
chromosome contributed by the female parent, thus giving rise to tissues 
containing only the pale green ring chromosome. It is in these tissues that 
the pale green character appears. 


CYTOLOGICAL OBSERVATIONS OF THE RING-SHAPED CHROMOSOMES 
WHICH GIVE RISE TO THE MUTANT CHARACTERS 


A pachytene configuration showing the association of two normal R-2 
ring chromosomes is shown in figure A, Plate 1. When a single R-2 ring 
chromosome is present or when two R-2 ring chromosomes which have 
failed to associate at the meiotic prophase are present, the ring chromo- 
some is collapsed (lower arrow, fig. B and G, Plate 1; ring below arrow, fig. 
C, Plate 1). This results from non-homologous associations of the chro- 
matin forming the ring (MCCLINTOCK 1933, 1938). 

Following the formation of a double-sized dicentric ring chromosome in 
a mitotic prophase and its breakage in the following anaphase, an enlarged 
ring chromosome may be formed in one telophase nucleus and a reduced 
ring chromosome in the sister telophase nucleus (see fig. 1). This situation 
is illustrated by the constitution of the ring chromosome in two sister cells 
(arrows fig. F and H, Plate 1). These two sister cells are in the prophase 
of meiosis; therefore the event which resulted in the formation of these 
two altered ring chromosomes occurred at the last premeiotic anaphase. 
In individual cases, R-2 rings have been observed with various degrees of 
reduction in chromatin constitution. These range from a barely observable 
deficiency in the ring chromosome to deficiencies so large that the ring 
chromosome was composed of but a single large chromomere. Likewise, in 
individual cases, R-2 ring chromosomes have been observed with dupli- 
cated segments varying in extent from a very small duplication to one 
which produced a ring chromosome eight times the size of the normal 
R-2 ring. 

Cytological observations of the composition of the ring chromosomes 
which produce visible mutations are summarized in table 4. As stated pre- 
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viously in the description of the mutant characters, several ring chromo- 
somes have been isolated which produce the same mutant character (simple 
mutant) or the same group of mutant characters (compound mutant). 
Although the character which each of these ring chromosomes produces 
appears to be the same, the event which is responsible for the character 
which the ring chromosome produces occurred independently in each case 
in a single Df-1/Df-1, Df-1/Df-2, or Df-2/Df-2 plant. The numerals J, JJ, 
and JJ, etc., have been used to distinguish ring chromosomes producing 
the same character or the same group of characters which have originated 
independently of one another. For example, brown J was isolated from a 
sector of a Df-1/Df-2 plant, brown J/ from a sector of another Df-1/Df-2 
plant, and brown J//J from a Df-2/Df-2 plant. Where a photographic illus- 
tration of a particular altered ring chromosome is reproduced in this paper, 
the figure reference is indicated in the table. Four of the fifteen ring 
chromosomes showed no observable change in the constitution of the R-2 
ring. All four ring chromosomes are associated with simple mutants (brown 
IT, brown III, pink, pale green). In nine cases, the ring chromosome was 
reduced. In two cases, the ring chromosome was enlarged (brown-pink J7, 
brown-blotch-dries 7). The brown-pink J/ ring, when first observed, was 
approximately double the size of the normal R-2 ring (upper arrow fig. B 
and fig. I, Plate 1). The brown-blotch-dries J ring is only slightly enlarged. 
In both of these cases, the alteration in the ring chromosome, which is re- 
sponsible for the character the ring chromosome produces, could have oc- 
curred subsequent to a previous alteration which had enlarged the R-2 
ring chromosome. It is likewise conceivable that the enlargement of the 
ring chromosome could have occurred following the alteration which pro- 
duces the character but before isolation of the ring. It is known that the 
enlargement itself is not the factor responsible for the appearance of the 
character which such an enlarged ring chromosome produces. This is clearly 
indicated by the enlarged brown-pink // ring. This ring, when first isolated, 
was approximately double the size of a normal R-2 ring chromosome. Be- 
cause of the increased length of the chromonema of this ring chromosome, 
aberrant mitoses involving this ring chromosome occur with increased fre- 
quency. Furthermore, the added length of the chromonema of this ring 
chromosome brings it into the range where aberrant mitoses may fre- 
quently lead to recoverable alterations in the ring chromosome. Because 
of its size, it was expected that this ring chromosome would not maintain 
itself but would tend to become reduced to the size where aberrant mitoses 
would lead most frequently to elimination of the ring chromosome rather 
than alterations in its chromatin content. This proved to be true. Several 
strains have been isolated in which this ring chromosome is only slightly 
larger than the normal R-2 ring chromosome. At this reduced size, the 
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ring chromosome tends to remain stable because aberrant mitoses now 
tend to eliminate the ring rather than alter its chromatin composition. It 
should be emphasized, however, that the characters produced by the 
brown-pink // ring following its reduction in size from a double-sized ring 
to one only slightly larger than a normal R-2 ring have not been altered by 
the reduction. It is assumed that even in its enlarged state, the brown-pink 
IT ring chromosome possessed a minute deficiency which was responsible 
for the compound mutant character it produced. No duplications of the 
remaining segments of the ring chromosome or subsequent deletions of 
these duplicated segments should alter the expression of the character, for 
the minute deficiency would still be present regardless of the presence or 
absence of these duplicated segments. 


TABLE 4 


Chromatin constitution of the ring chromosomes which produce mutant characters. 


1. No observed change in constitution of the R-2 ring. 
brown JJ; brown JIT; pink; pale green. 
2. Slightly reduced R-2 ring: Loss of approximately one chromomere. 
brown-pink I; brown-pink JJ; striate. 
3. Obviously reduced R-2 ring: Loss of two or three chromomeres. 
brown-pink JV (fig. D, Plate 1); brown-pink-dries-poor growth; brown J (fig. C, Plate 1). 
4. Very reduced ring: Loss of six or seven chromomeres. 
brown-blotch-dries JJ (fig. E, Plate 1); light green-poor growth; brown-light green-poor 
growth (fig. G, Plate 1). 
5. Enlarged ring: Larger than a normal R-2 ring. 
brown-pink J], approximately double the size of a norma! R-2 ring (fig. B and I, Plate 1); 
brown-blotch-dries 7, approximately } larger than the normal R-z2 ring. 


& 


In 11 of the 15 cases it has been established that the ring chromosome 
has undergone an alteration. It would require considerable space to indi- 
cate the methods used which allow one to be certain that the ring chromo- 
some being observed in a particular plant is the ring chromosome respon- 
sible for the character ascribed to it. The methods will be considered in a 
Separate report. 


TRANSMISSIONS OF ALTERED RING CHROMOSOMES 
THROUGH THE MALE AND FEMALE GAMETES 


Tests have been made of the transmissions of the various altered ring 
chromosomes through the female gametophyte with the Df-1 or Df-2 rod 
chromosomes and through the pollen with the Df-2 rod chromosome. These 
results are summarized in table 5. Transmissions through the pollen of the 
various altered ring chromosomes with the Df-1 rod chromosome have not 
been included in the table, since a male-transmissible strain of Df-1 has 
only recently been obtained, and the tests have not been completed. The 
cytological determination of the type of ring chromosome associated with 
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each particular mutant has been included in column 2 of this table, since 
it allows the tests to be more readily interpreted. Since many of these 
altered ring chromosomes are readily transmitted through the pollen, even 
in competition with gametes carrying normal ring chromosomes, it has 
been possible to obtain various combinations of the ring chromosomes in 
Df-1/Df-1, Df-1/Df-2, and Df-2/Df-2 plants. These will be described in 


the following section. 


TABLE 5 


Gametic transmissions of the altered ring chromosomes with the Df-1 or Df-2 rod chromosomes. 
Transmissions of the altered ring chromosomes with the Df-1 rod chromosome through the pollen have 
not been included in the table because these tests have not been completed. + represents transmission. 
o represents no transmission. — indicates the test has not been completed. 








TRANSMISSIONS TRANSMISSION 








: CHROMATIN CONSTITUTION OF THROUGH 9 THROUGH < 
RING CHROMOSOME 

ALTERED R-2 RING WITH: WITH 

Df-1 Df-2 Df-2 
brown J Reduced to six chromomeres oe ° ° 
brown IJ No apparent reduction + + + 
brown III No apparent reduction + + + 
pink No apparent reduction + + + 
pale green No apparent reduction + + + 
striate Slightly reduced - + ° 
brown-pink J Slightly reduced + + + 
brown-pink JJ Enlarged = + + 
brown-pink JJI Slightly reduced a + + 
brown-pink IV Reduced tosevenchromomeres + ° ° 
brown-pink-dries-poor growth Slightly reduced + + ° 
brown-blotch-dries 7 Slightly enlarged + + + 
brown-blotch-dries J Reduced to three chromomeres + ° ° 
light green-poor growth Reduced to two chromomeres + ° ° 
Reduced to two chromomeres + ° ° 


brown-light green-poor growth 





THE CHARACTERS PRODUCED IN PLANTS FOLLOWING COMBINATIONS 
OF ALTERED RING CHROMOSOMES: PROOF THAT THE COMPOUND 
MUTANTS ARE COMPOSED OF TWO OR MORE 
OF THE SIMPLE MUTANTS 


It is obvious from the description given earlier in this paper that the 
characters exhibited by the compound mutants bear a relation to the simple 
mutants. The compound mutants appear to be composed of a combination 
of two or more of the observed simple mutants. It was also obvious in 
this study that the sectorials showing compound mutant characters oc- 
curred far more frequently than those showing a simple mutant character. 
Sectorials showing a simple mutant character were relatively rare. The 
method by which ring chromosomes become reduced in size at a mitotic 
anaphase would suggest that adjacent blocks of chromatin should fre- 
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quently be deleted from the ring chromosome following an aberrant mitosis 
which results in an alteration in the ring chromosome. If each of the simple 
mutants is produced following loss of a particular minute segment from the 
ring chromosome, then the compound mutants should be produced follow- 
ing loss of two or more of these segments. It would be expected that break- 
age of the double-sized ring at a mitotic anaphase would delete a block of 
chromatin more frequently than a very minute segment. Thus, compound 
mutants should appear far more frequently than simple mutants. With 
this interpretation, one should be able to deduce the order of the various 
segments in the ring chromosome which produce a particular character 
when homozygous deficient, merely by observing the characters which are 
present in the compound mutants. For illustrative purposes, one may use 
the characters pink, brown, and blotch dries. The most frequent types of 
compound mutations involving these characters are: brown-pink, brown- 
pink-dries, and brown-blotch-dries. Since brown may be with either pink 
or blotch dries, the suggested order is (1) pink followed by (2) brown fol- 
lowed by (3) blotch dries. Loss of the first two adjacent segments would 
give rise to the compound mutant brown-pink; loss of the second and third 
adjacent segments would give rise to the compound mutant brown-blotch 
dries; loss of all three adjacent segments would give rise to the compound 
mutant brown-pink-dries. 

Proof that the compound mutants are composed of two or more of the 
simple mutants may be obtained readily. It is known that all of the mutant 
types behave as recessives. It is only necessary to combine two altered rings 
each of which gives a character or a group of characters in a Df-1/Df-2 ora 
Df-2/Df-2 plant and observe the characters of the tissues which possess 
the two altered ring chromosomes. The method is essentially that which is 
diagrammed in table 1, and the results are in complete agreement with it. 

Various combinations of the altered ring chromosomes have been made. 
Those which involve the mutants brown, pink, brown-pink, brown-pink- 
dries, brown-blotch-dries are given in table 6. The appearance of the cells 
and tissues possessing both ring chromosomes are given in column 2. In 
column 3, the character of the tissues which possess only one or the other 
of the altered ring chromosomes (following mitotic loss of one or the other 
ring chromosome, respectively) has been indicated. Where more than one 
similar combination was made, the particular altered ring chromosome 
(that is, J, 77, or J7J) is given below the character in each specific combina- 
tion. It made no difference which ring chromosome producing a given mu- 
tant type was used. In every tested case the results were the same. Com- 
bination 1 of table 6 (X plus Normal) gives the characters resulting from 
the combination of any one altered ring chromosome, X, with a normal R-2 
ring chromosome. In all of the 15 isolated cases the normal R-2 ring chro- 
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mosome suppressed the character produced by the altered ring chromosome 
when both were present in the same cell. However, the presence of the 
altered chromosome in these plants was made obvious by the variegation 
which appeared (fig. 4). This variegation resulted from the mitotic losses 
of the normal R-2 ring chromosome. The character produced by the altered 
ring chromosome could then be expressed. 


TABLE 6 
Phenotypic characters in Df-1/Df-1, Df-1/Df-2,and Df-2/Df-2 plants with various combinations of 
ring chromosomes together with the type of variegation which is observed in each of these plants following 
somatic loss of one or the other ring chromosome, respectively. + indicates normal, non-mutant tissue. 


CHARACTER 


PRODUCED WHEN 
COMBINATIONS OF RING TYPES OF VARIEGATION: CHANGE IN CHARACTER OF TISSUE 
BOTH RING 
CHROMOSOMES FOLLOWING SOMATIC LOSS OF ONE RING CHROMOSOME 
CHROMOSOMES 


ARE PRESENT 





1. X* plus normal R-2 7 Loss of normal R-2 ring: X tissue 
Loss of X ring: + tissue 





brown IJ plus brown J/J Plant totally Loss of brown JJ ring: No change in tissue character 





brown Loss of brown IJ ring: No change in tissue character 





. brown JJ plus pink ; Loss of brown JJ ring: pink tissue 


Loss of pink ring: brown tissue. 








. brown plus brown-pink Plant totally Loss of brown ring: brown-pink tissue 




















4 
Il “ I brown Loss of brown-pink ring: No change in tissue character. 
maz * I 
x * II 
Me.6 CF Il 
5. brown plus brown-blotch-dries Plant totally Loss of brown ring: brown-blotch-dries tissue 
ll “ I brown Loss of brown-blotch-dries ring: No change in tissue character. 
Za I 
it * Il 
6. brown J plus brown-pink-dries JJ Plant totally Loss of brown ring: brown-pink-dries tissue 
brown Loss of brown-pink-dries ring: No change in tissue character. 
7. pink plus brown-pink J pinkt Loss of pink ring: brown-pink tissue 
Loss of brown-pink ring: No change in tissue character. 
8. pink plus brown-blotch-dries J + Loss of pink ring: brown-blotch-dries tissue. 


Loss of brown-blotch-dries ring: pink tissue 





. brown-pink plus brown-blotch-dries Plant totally Loss of brown-pink ring: brown-blotch-dries tissue 


9 
- I brown Loss of brown-blotch-dries ring: brown-pink tissue 
I . II 





* X represents any altered ring chromosome producing a mutant character. 

+ Due to lack of chlorophyll, plants that are totally pink do not survive beyond the seedling stage. The test was 
made by combining these two ring chromosomes with a normal ring chromosome. The character produced by the combi- 
nation (column 2) and the characters indicated in column 3 were obtained from sectors of these plants which had lost 
the normal ring chromosome. 

Combination 2 in table 6 indicates that the simple mutant brown pro- 
duced by the brown J/ ring chromosome is identical with the simple mu- 
tant brown produced by the brown /// ring chromosome. Plants with 


these two ring chromosomes are totally brown. No detectible alteration 
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occurs in the tissues following loss of either ring chromosome. Combination 
3 indicates that the simple mutant brown J/ and the simple mutant pink 
are completely independent of one another, for the pink character is sup- 
pressed in the presence of the brown JJ ring chromosome, whereas the 
brown JJ character is suppressed in the presence of the pink producing 
ring chromosome. However, the plant is variegated for both brown and 
pink following mitotic losses of the pink ring or the brown ring, respec- 
tively. There were no mutant sectors with the combined character brown- 
pink. Combination 4 indicates that the brown in the compound mutants 
brown-pink J and brown-pink JJ are identical with the brown character 
produced by either the brown JJ or the brown J// ring chromosome, for 
these plants are totally brown although variegated for pink, following 
mitotic losses of the brown JJ or the brown /// ring chromosome, respec- 
tively. Since the character brown // is identical with brown /J/, the brown 
character in the compound mutant brown-pink J must be identical with 
the brown character in the compound mutant brown-pink //. Similarly, 
as combination 5 indicates, the brown character of the compound mutants 
brown-blotch-dries J and brown-blotch-dries // is identical with the simple 
mutant character produced by either the brown JJ or brown JJ/ ring chro- 
mosomes. The plants are totally brown but variegated for blotch-dries 
following mitotic losses of the brown JJ or brown JJ/ ring chromosomes, 
respectively. Combination 6 indicates that the simple mutant brown pro- 
duced by the reduced brown J ring chromosome is identical with the 
brown produced by the ring chromosome giving the compound mutant 
brown-pink-dries JJ. (This latter compound mutant has not been men- 
tioned previously in this paper.) The homology of the simple mutant pink 
with the pink produced by the ring chromosome giving the compound 
mutant brown-pink J is shown by combination 7. However, the pink ring 
covers the brown part of the compound mutant produced by the altered 
ring chromosome giving brown-pink J. Combination 8 shows that the 
simple mutant pink and the compound mutant brown-blotch-dries J have 
no overlapping effects. The pink ring suppresses the brown-blotch-dries J 
character. Likewise, the brown-blotch-dries 7 ring chromosome suppresses 
the pink character produced by the pink ring. The combination of the 
compound mutants brown-pink J with either brown-blotch-dries J or JJ 
indicates that the brown character is identical in both compound mutants, 
for the plants are totally brown. However, the pink character produced 
by the brown-pink J ring is suppressed by the brown-blotch-dries rings, 
and the blotch-dries character produced by the latter ring chromosomes is 
suppressed by the brown-pink J ring chromosome. 

From the combinations given in table 6, it may be seen that the brown 
mutant produced by an altered ring chromosome is the same whether it 
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appears as a simple mutant or in combination with other mutants. A simi- 
lar conclusion may be drawn regarding the pink mutant, although there 
is less experimental evidence for this on the basis of the combinations 
given in table 6. It is quite obvious from these combinations that brown, 
pink, and blotch-dries are independent mutants and that the compound 
mutants result from combinations of these simple mutants. As stated ear- 
lier one may deduce the order of the segments in the R-2 ring chromosome 
which are responsible for the mutant effects. This order, as stated pre- 
viously, was: pink followed by brown followed by blotch-dries. The experi- 
mental evidence given in table 6 supports this interpretation. 

From these tests it may be concluded that the compound mutants are 
produced by combinations of two (or more) of the observed simple mu- 
tants and that the mutants giving the same phenotypic appearances, al- 
though arising independently of one another, are identical. 

To discuss adequately the characters which are produced in plants 
carrying the deficient rod chromosomes following combinations of the 
various altered ring chromosomes would require considerable space and 
cannot be undertaken within the limits of this paper. However, the results 
of combining an altered ring chromosome with normal, non-deficient rod 
chromosomes 5 should be mentioned. If a plant possesses a normal rod 
chromosome 5 carrying Bm and likewise any one of the various altered 
ring chromosomes, the characters which these ring chromosomes would 
produce if deficient chromosomes 5 were present now do not appear. The 
plants are normal. However, when the ring chromosome is returned to 
plants carrying the deficient rod chromosomes in a successive plant gen- 
eration, the character produced by the ring chromosome again appears. 
The characters produced by the ring chromosomes are thus completely 
recessive to “dominant alleles” which are present in segment 1 to 9 of the 
normal, non-deficient rod chromosome 5. This is not true, however, if a 
brown producing ring is combined with normal rod chromosomes 5 carry- 
ing the recessive mutant bm. All the ring chromosomes which give rise 
to the brown character (simple or compound mutants) in plants with the 
deficient rod chromosomes have been placed in plants possessing normal 
rod chromosomes 5 carrying bm. In every case, the plants are totally 
brown. In these plants, only the brown character appears. The pink, 
pink-dries, blotch-dries, or light green characters are suppressed by this 
rod chromosome 5. From these combinations it is strikingly evident 
that the brown character produced by the altered ring chromosomes is 
homologous to the known mutant bm previously located within region 1 
to 4 of a normal chromosome 5 (McCiinTock 1938). A normal chromo- 
some 5 carrying any one of the other mutants produced by the altered 
ring chromosomes has not been isolated as yet. 
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REVIEW OF THE EVIDENCE WHICH INDICATES THAT THE CHARACTERS 
PRODUCED BY THE ALTERED RING CHROMOSOMES ARE CAUSED 
BY HOMOZYGOUS DEFICIENCIES 


Throughout this paper it has been assumed that the mutant characters 
are caused by homozygous minute deficiencies. It has been determined by 
many observations that ring chromosomes may increase in size by duplli- 
cations and repeat duplications of segments composing the ring, or they 
may become reduced in size through loss of segments from the ring. It has 
also been determined that whole plants or sections of a plant which possess 
a ring chromosome with duplicated segments are not obviously modified 
in phenotypic appearance. Thus, the ring chromosomes with deficiencies 
are the ones which would be expected to produce an alteration in the 
phenotypic appearance of the tissues in the plants with the deficient rod 
chromosomes. Deficient ring chromosomes must be produced in some cells 
of some of these plants. It could be objected that such homozygous de- 
ficiencies might be expected to be cell lethal, and therefore the character 
produced by the altered ring chromosome could be caused by some other 
process than deficiency. However, this has proved not to be true. It is 
known that cells and tissues homozygous for the four chromomere defi- 
ciency of the Df-1 rod chromosome are viable. It is also known that these 
cells and tissues are decidedly modified. The lignified cell walls are brown. 
This brown is strictly comparable in time of development in the cell wall, 
in color, and in behavior to light to that produced by the known mutant 
bm which had previously been located within the limits of region 1 to 4 
of a normal chromosome 5. (The character of the lignified walls produced 
when the altered ring chromosomes brown J, JJ, and JJJ, brown-pink J, 
II, etc., are present is likewise strictly comparable to the character pro- 
duced by the mutant bm.) No chlorophyll develops in the cells homozy- 
gous for the four chromomere deficiency. Therefore, with regard to chloro- 
phyll, these tissues are colorless. Furthermore, on exposure to sunlight, 
these cells die and the tissue dries. These tissues have a very reduced 
growth capacity. It is known that the characters brown, pink, and blotch- 
dries must be related to changes within the region 1 to 4 of chromosome 5 
—that is, within the limits of the deficiency in the Df-1 chromosome. It 
has also been shown that the two very reduced rings (light green-poor 
growth and brown-light green-poor growth) produce tissues with a de- 
cidedly reduced growth capacity. Since the latter two ring chromosomes 
obviously do not have enough chromatin to cover the deficiency in the 
Df-1 chromosome, the reduced growth could be ascribed to the presence 
of the two chromomere deficiency in each case. If we add together the 
characters produced by the changed rings—that is, brown plus pink (no 
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chlorophyll) plus blotch-dries plus poor growth—we arrive at the com- 
pound character brown-colorless-dries-poor growth, which is exactly the 
compound character exhibited by the tissues which are homozygous de- 
ficient for the four chromomeres deleted from the Df-1 chromosome. This 
four chromomere deficiency expresses itself as a compound mutant just as 
brown-pink, brown-pink-dries, and brown-blotch-dries express themselves 
as compound mutants. Evidence for the compound nature of these mu- 
tants has been given in this paper (see table 6). It would be difficult to 
arrive at a more simple explanation of all these facts than that the char- 
acters are produced as the result of homozygous deficiencies, each indi- 
vidual character being produced by a relatively minute deficiency of a 
specific locus. This will explain both the simple and the compound mu- 
tants: the simple mutants resulting from loss of one specific locus, the 
compound mutants resulting from loss of two or more specific loci. It will 
also account for the recessivé expression of these characters, for it is known 
that plants with one normal chromosome 5 and either the Df-1 or the Df-2 
chromosome 5—that is, hemizygous for regions 1 to 4 or 1 to g, respec- 
tively—are phenotypically normal. 

Notwithstanding the cytological observations of reduction in size of 
many of the ring chromosomes giving mutation effects, genic mutation 
might be suggested as an alternative to homozygous deficiencies as the 
cause of the mutant characters. If so, two or more genic mutations would 
have to occur simultaneously in closely related loci in many instances to 
account for the considerably greater frequency of occurrence of the com- 
pound mutations. Furthermore, the rate of such mutations in the ring 
chromosome would have to be considerably greater than the rate of muta- 
tion in the same region of a normal rod-shaped chromosome 5. Our knowl- 
edge of “genic” mutations would not lead us to anticipate such behavior, 
for we know of no cases where supposedly genic mutations behave in 
exactly this manner. 

Likewise, one might argue that the alterations in the ring chromosomes 
producing mutant effects are due to changes in the relative positions of 
the genes in the chromatin of the ring. One must then explain what should 
be expected of the reduced ring chromosomes, for they are being produced 
in these plants following aberrant mitoses which alter the chromatin con- 
tent of the ring. Again, on this basis, one would have to explain away the 
cytologically obvious deficiencies in nine of the 15 isolated ring chromo- 
somes which produce mutant effects. Since tissues homozygous deficient 
for chromomeres 1 to 4 of chromosome 5 are known to produce a compound 
mutant effect which equals the sum of the simple mutant effects located 
within this region, it Would be hazardous to consider that smaller defi- 
ciencies within this region would produce no phenotypic effect. One might 
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object that not all the ring chromosomes giving mutant effects were de- 
tectibly reduced in chromatin content, for in four of them no deficiency 
was detected and in two cases the ring chromosome was enlarged. In all 
four cases where no deficiency in the ring chromosome was detected, simple 
mutants were produced (brown JJ, brown ///, pink, pale green). If, in 
each case, the phenotypic expression is due to a minute deficiency, it is 
probable that detection of a single minute deficiency at the meiotic pro- 
phase in maize would be extremely difficult. In the cases of the two en- 
larged ring chromosomes it has been shown (table 6) that the characters 
produced by these two ring chromosomes, brown-pink JJ and brown- 
blotch-dries 7, are identical with the characters produced by the reduced 
rings brown-pink J and brown-blotch-dries J], respectively. The enlarge- 
ment does not mean that there is no deficiency in these ring chromosomes, 
for an enlargement may have occurred in an aberrant mitosis subsequent 
to an aberrant mitosis which deleted a segment from the ring chromosome. 
Following this deletion, no further duplication of the remaining chromatin 
could restore the original loss. Neither should subsequent deletions of 
duplicated segments cause any change in the expression of the character 
produced by such a ring chromosome. It should be emphasized that this 
proved to be true in the case of the enlarged brown-pink J// ring. 

The above considerations are the basis of the inferential evidence that 
the plant characters associated with altered ring-shaped chromosomes are 
produced as a consequence of homozygous deficiencies. In a previous sec- 
tion, the chromatin constitutions of the altered ring chromosomes have 
been considered briefly. It was pointed out that the brown-blotch-dries J] 
ring, the light-green-poor growth ring, and the brown-light green-poor 
growth ring were all smaller than the normal four chromomere R-1 ring. 
In the Df-1/Df-1 or Df-1/Df-2 plants, the cells which contain only one 
such ring must be homozygous deficient for some chromatin within the 
limits of the deficiency in the Df-1 chromosome. All three of these reduced 
ring chromosomes may be distinguished from one another by differences 
in their chromomere constitution. Therefore, they do not have exactly the 
same deficiencies. Furthermore, each of these three rings produces, respec- 
tively, a particular and distinguishable type of compound mutant charac- 
ter. It would be difficult to escape the conclusion that the obviously differ- 
ent total deficiencies in these three rings are the cause of the obviously 
different total group of mutant characters that each of these three ring 
chromosomes produces. If one did attempt to account for these observa- 
tions on some other bases, it would be necessary to assume that each de- 
ficiency in these three cases was without a distinct phenotypic effect— 
which hardly seems probable, considering the very striking compound 
phenotypic effect that a total deficiency of all four chromomeres produces. 
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On the basis of the above inferential and observational evidence, it is 
concluded that the characters exhibited in tissues containing an altered 
ring chromosome are caused by homozygous deficiencies, each character 
being caused by a relatively minute but specific deficiency, and that the 
compound mutant characters are caused by the removal of two or more 
such segments from the genomic complement. 

CONCLUSION 

This paper presents only a summary of the evidence which has led to 
the conclusion that some phenotypic characters in maize may be produced 
by homozygous minute deficiencies. A complete account of all the evidence 
obtained from altered ring chromosomes—their origin, their gametic trans- 
missions both male and female, their stability, the variation in phenotypic 
expression of the various mutants when combined with different genotypes, 
the cytological analysis of the chromatin constitutions of the various al- 
tered ring chromosomes, the appearance of plants with various combina- 
tions of three or more altered ring chromosomes, the rate of production of 
altered ring chromosomes, evidence showing that the mutants do not re- 
vert to normal, and other phenomena related to the behavior of these ring 
chromosomes—could not be included in this paper due to limitation of 
space. The evidence of particular interest will be reported in separate pub- 
lications. It is hoped, however, that sufficient evidence has been included 
to indicate the nature of the method of attacking this problem and to in- 
dicate the type of evidence obtained. Again, due to limitation of space, an 
adequate discussion of the relation of homozygous deficiencies giving mu- 
tant effects in maize to similar phenomena in other organisms cannot be 
undertaken here. It should be pointed out, however, that the number of 
analyzed cases is very limited and is best represented by the yellow mutant 
in Drosophila (EPHRUSSI 1934; STERN 1935; MULLER 1935; DEMEREC 
1934, 1936; DEMEREC and HooveER 1936; KALISS 1939). 

In conclusion, the author wishes to point out the possible usefulness of 
the evidence presented in this paper in formulating a prediction as to the 
nature, the location, and the crossover values to be expected of mutants 
not as yet obtained in the normal complement of maize. The ring mutants 
pink, brown, blotch-dries, and pale green are readily transmitted through 
the pollen, although the relative efficiency in competition with grains 
carrying an unmodified complement could not be determined. It is possible, 
however, that through natural causes or by X-ray or ultra-violet radiation, 
these mutants would be produced in a normal rod-chromosome 5. Pale 
green and brown should produce viable plants, but pink and blotch-dries 
would result in plants which die in the seedling stages. A mutant (brown 
mid-rib, bm, JORGENSON 1931), allelic and indistinguishable from the 
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brown produced by the ring chromosome mutants, has been isolated. Al- 
though it may not be concluded from observational evidence that the bm 
mutant in the normal rod-chromosome 5 is caused by a homozygous minute 
deficiency, it may be stated, however, that a deficiency of the locus of the 
dominant allele of bm will reproduce in all details the phenotypic ex- 
pression of bm. Pink, blotch-dries, and pale green remain to be isolated. 
Following isolation, pink and blotch-dries should prove to be very closely 
linked to the known mutant bm, whereas pale green should show a small 
amount of crossing-over. 
SUMMARY 

It is the purpose of this paper to show that viable mutants in maize may 
be produced by homozygous minute deficiencies. The aberrant mitotic 
behavior of ring-shaped chromosomes has been the method of obtaining 
a large number of such deficiencies. These deficiencies are located within 
the limits of a relatively small segment of the genomic complement com- 
posed of the proximal 9 chromomeres of the short arm of chromosome 5s. 

Mutants arise following changes in the chromatin constitution of the 
ring-shaped chromosomes. These changes are produced following aberrant 
behavior of the ring-shaped chromosome in some of the mitotic divisions. 
The types of mutants which are produced by the altered ring-shaped 
chromosomes are simple, composed of a single recognizable character or 
compound, composed of two or more of the characters recognizable as 
simple mutants. In a number of cases it has been possible to isolate the 
altered ring-shaped chromosomes which produce the simple or compound 
mutants. 

Through appropriate tests, it has been proven that the compound mu- 
tants are the products of two or more of the simple mutants. One group of 
mutants has been located within the limits of the proximal 4 chromomeres 
of the short arm of chromosome 5. The second group of mutants has been 
located within the limits of the next five chromomeres. 

Evidence is presented which leads to the conclusion that each mutant 
character, Whether appearing as a simple mutant or in combination with 
other mutants, is produced by a homozygous minute deficiency, each 
mutant character being associated with loss of a particular minute seg- 
ment. The simple mutants are associated with loss of one such segment; 
the compound mutants are associated with loss of two or more such seg- 
ments. 
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